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ORIGINAL  RESEARCH  PROPOSAL  SUMMARY 
STATEMENT  OF  WORK 

In  this  proposal  I  will  develop  Silicon  optically  active  components  (such  as 
tunable  filters,  switches  and  modulators)  and,  in  particular,  an  ail-optical  transistor.  One 
could  then  envision  an  all-optical  CMOS  compatible  chip,  where  all  of  the  devices 
would  be  monolithically  grown  on-chip. 

I  intend  to  provide  Silicon  with  optoelectronic  capabilities  using  photonic 
crystals.  Photonic  crystals  can  enhance  light-matter  interaction,  enhancing  the  free 
carrier  injection  effect  on  the  Silicon  index  of  refraction,  by  orders  of  magnitude. 

The  first  stage  of  the  work  will  be  to  achieve  a  low-loss  Si  waveguiding 
platform.  The  main  focus  will  in  achieving  single  mode  waveguides  with  low 
propagation  losses  (<ldB/cm).  This  stage  will  consist  in  designing,  fabricating  and 
characterizing  the  structures.  The  second  stage  of  the  work  will  be  to  achieve  a  nm-size 
strong  light  confining  structure.  This  will  be  done  by  designing  a  planar  Si 
microcavity,  fabricating  and  characterizing  the  structure.  The  focus  here  will  be  given  in 
achieving  high  Q  (100-1000)  structures.  The  third  stage  of  the  work  will  be  to  build  the 
final  all-optical  transistor.  This  will  require  the  demonstration  of  tuning  of  a 
microcavity  spectral  response  with  optical  pumping,  followed  by  the  design  and 
fabrication  of  the  optical  transistor.  The  fourth  and  final  stage  will  consist  in 
characterizing  the  transistor.  This  will  consist  of  pump-probe  experiments  to  determine 
switching  speed,  degree  of  switching  and  required  pump  intensity.  An  additional 
optional  stage  will  consist  in  achieving  an  all-optical  transistor  for  both  pump  and  probe 
operating  at  15  microns,  this  is  extremely  important  for  all-optical  computing  and  signal 
processing.  This  stage  will  consist  of  Z-scan  measurements  on  a  Si  microcavity. 

DELIVERABLES 

The  results  of  this  research  will  open  the  door  to  a  new  field,  where  manipulation 
of  light  on  a  Silicon  chip  is  possible  and  will  provide  the  basic  building  block  for  an  all- 
optical  CMOS  chip.  The  deliverable  physical  devices  of  this  research  are: 

•  Strong  light  confining  Si  planar  cavity 

The  structure  will  be  scalable  with  wavelength.  Such  a  cavity  is  extremely 
important  for  any  applications  that  require  strong  light  intensity  operation,  such  as 
lasers,  amplifiers,  etc.  The  expected  degree  of  light  confinement  Q  is  between  100 
and  1000.  The  total  length  of  the  structure  is  between  10  and  100pm,  while  the 
cavity  is  10-100nm  long. 

•  A  Si  all-optical  transistor 

Operating  at  1.5pm.  Total  switching  capability  with  psec  time  response  is 
expected.  The  total  length  of  the  structure  is  between  10  and  100pm.  The 
relationship  between  the  different  parameters  such  as  photonic  crystal  geometry, 
pumping  intensity,  wavelength  of  operation  and  switching  speed  will  be  given,  so 
that  the  device  can  be  scalable  with  wavelength  and  used  for  different  speed  and 
pump  intensity  requirements. 

As  a  result  of  this  research  1  expect  to  achieve  a  better  understanding  of: 

•  Silicon  optical  processes  such  as  the  dynamics  of  free  carrier  injection  and 
its  effect  on  the  index  of  refraction 


•  Physical  processes  in  strong  light  confinement  in  photonic  crystals  and 
their  effect  on  enhancing  light-matter  interaction 

•  Critical  nanofabrication  processes  for  achieving  high  quality  photonic 
structures 

All  of  the  results  of  the  research  will  be  disseminated  through  scientific  publications 


TECHNICAL  REPORT 


External  control  of  light  on  Silicon  for  switching  and  modulating 

We  have  done  work  on  both  electro-optical  and  all-optical  modulators  and  switches. 
Both  devices  are  based  on  free  carrier  injection  for  modulating  the  index  of  refraction  of 
Silicon.  The  work  on  the  electro-optical  switches,  demonstrating  the  benefits  f  using 
highly  confined  structure  for  enhancing  the  effect  of  the  index  modulation,  enabled  the 
all-optical  devices. 

Below  1  describe  Silicon  structures  for  chip-scale  modulators  and  switches. 
Modulators  usually  encode  signals,  while  switches  route  signals.  The  difference  between 
modulators  and  switches  in  the  context  of  the  proposed  research  lies  in  the  speed, 
modulation  depth  and  geometry.  For  switches,  high  modulation  depth  is  crucial  and 
usually  devices  with  at  least  three  ports  are  necessary.  For  modulators,  high  speed  is 
crucial  and  devices  with  two  ports  are  usually  sufficient.  In  this  section  I  describe  the 
building  blocks  common  for  both  switching  and  modulating. 

Electro-optic  devices 

To  date  most  of  the  work  done  on  active  devices  on  Silicon  is  based  on  MEMS  (Micro¬ 
electro-mechanical  systems)  technology.  One  of  the  main  drawbacks  with  MEMS  is 
their  slow  response,  with  switching  speeds  of  about  1-100  ms.  Optical  modulation  can 
also  be  done  using  the  thermo-optic  effect  in  Silicon.  The  thermo-optic  coefficient  for 
silicon  is  typically  3  times  greater  than  in  classical  thermo-optical  materials  and  8  times 
greater  than  in  silica-based  materials.  The  effect,  however,  is  rather  slow  and  can  only  be 
used  for  up  to  1  MHz  modulation  frequencies  [Error!  Reference  source  not  found.]. 
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Table  I.  All-silicon  electro-optic  modulators  reported  in  the  literature  (BMFET=Bipolar  Mode  Field-Effect 
Transistor;  FCAM=Free  Carrier  Absorption  Modulator;  F-P=Fabry-Perot;  TIR=Total  Internal  Reflection; 
ZGDC=Zero  Gap  Directional  Coupler;  M=amplitude  modulation  depth;  J=current  density;  ^switching 
time;  v.d. -vertical  device;  Dem.(D)=demonstrated;  Prop.(P)=proposed). 

An  approach  for  faster  modulation  on  Si  is  the  electrical  modulation  of  the  refractive 
index  in  a  specific  region  of  planar  optical  devices  such  as  Mach-Zehnder  modulators, 
total-internal-reflection  (TIR)-based  structures,  cross-switches,  Y-switches  and  Fabry- 


Perot  (F-P)  resonators  (see  Table  I).  The  absence  of  mechanical  elements  in  these 
devices  makes  them  more  reliable  than  MEMS.  Table  I  shows  that  most  of  the  listed 
devices  present  common  features:  long  interaction  distance  and  high  injection  current 
densities  and  power  consumption  in  order  to  obtain  a  useful  modulation  depth.  Most  of 
the  previously  proposed  Si  electro-optic  (E-O)  switches,  however,  are  long  and  require 
high  drive  powers.  Such  length  and  power  requirements  impose  difficulties  in  integrating 
these  devices  on  chip.  There  is  therefore  an  urgent  need  for  structures  that  can  be 
implemented  in  a  micron-size  region  offering  low  current  density,  low  power 
consumption  and  high  -modulation  depth. 

In  [17]  we  consider  a  1-D  microcavity  embedded  in  a  ridge  waveguide  for  optical 
switching.  Highly  confined  optical  microcavities  enable  the  confinement  and 
enhancement  of  the  optical  field  in  a  very  small  region.  The  transmission  of  these 


Fig.  I.  1-D  microcavity  in  a  Silicon  ridge 
waveguide 


Fig.  2.  SEM  of  the  structure  on  the  left 


structures  is  highly  sensitive  to  small  index  changes  in  the  cavity,  making  them  adequate 
for  intensity  modulation  applications  in  a  short  length  [18].  In  addition,  since  the 
refractive  index  modulation  can  be  confined  to  the  cavity  region,  the  electrical  power  to 
produce  the  desired  phase  change  can  be  made  very  small.  Fig.  1  shows  a  perspective 
schematic  of  the  electro-optic  modulator.  For  illustration  purposes,  the  trenches  down  to 
the  buried  oxide  (BOX)  layer  are  drawn  as  empty.  In  our  simulations  these  are  assumed 
to  be  completely  filled  with  Si02.  The  device  consists  of  a  F-P  cavity  formed  by  two 
DBRs  in  a  SOI  rib  waveguide.  Both  DBRs  consist  of  the  same  number  of  Si/Si02 
periods  down  to  the  BOX  layer.  Two  lateral  trenches  down  to  the  BOX  layer  are  on  both 
sides  of  the  rib  for  carrier  confinement,  in  the  region  where  the  optical  field  is  confined  as 
well.  Heavily  doped  p+  and  n+  regions  are  defined  in  the  cavity  region,  at  both  sides  of 
the  rib.  Metal  electrodes  contact  both  the  p+  (anode)  and  n+  (cathode)  regions.  Fig.  2 
shows  a  fabricated  device  of  the  passive  microcavity  structure  (no  electrical  contact).  Our 
calculations  show  that  a  20  pm  long  device  is  predicted  to  exhibit  -80%  of  modulation 
depth  at  1.55  pm  operation  wavelength  by  using  only  -25  pW  of  electrical  power  and  a 
drive  current  density  of  1 16  A/cm2,  leading  to  an  increase  of  the  device  temperature  <10'2 
K.  The  switching  speed  of  this  device  is  calculated  to  be  -16  ns,  with  no  significant 
thermo-optic  effect.  The  estimated  dc  power  consumption  for  this  device  is  at  least  one 
order  of  magnitude  smaller  than  the  smallest  reported  (theoretical)  value  [28].  These 
characteristics  reveal  the  benefits  of  confining  both  the  optical  field  and  the  injection 
carriers  in  the  cavity  region  in  order  to  improve  the  elpctro-optic  modulator  performance 


in  terms  of  power  consumption,  current  density,  device  length,  and  modulation  depth. 
These  results  show  the  principle  of  strong  optical  and  electrical  confinement  for  electro- 
optical  switching  with  ultra-low  power  in  a  micron-size  Si  structure. 

The  principle  of  strong  confinement  of  light  and  carriers,  demonstrated  in  these 
results,  will  enable  novel  devices  for  electro-optic  switches  as  well  as  modulators.  The 
devices  could  include  for  example  four  port  devices  and  devices  based  on  embedded 
waveguides.  Devices  with  different  confinement  levels,  power  dissipation  and  bandwidth 
could  be  tailored  for  different  functionalities. 


All-optical  switching  on  a  Si  chip 

All  optical  switching,  i.e.,  controlling  a  probe  beam  with  a  pump  beam,  has  been  one 
of  the  holy  grails  in  the  area  of  photonics.  It  could  open  the  door  to  ultra-fast  circuits  free 
of  optic-to-electronic  conversation,  a  main  source  of  speed  limitation  in  electro-optic 
devices.  All-optical  switching  has  been  demonstrated  in  compound  semiconductors  [33]. 
In  Silicon,  however,  ultra-fast  all-optical  switching  has  been  demonstrated  only  for 
vertical  structures  using  very  high  pumping  powers  with  modest  signal  modulations  [34- 
22]. 

In  [23,24]  we  demonstrated  all-optical  modulation  on  a  Si  sub-micron-size  planar 
structure.  The  modulator  is  based  on  a  highly  confining  ring  resonator.  The  advantage  of 
the  ring  resonators  is  that  a  small  change  of  index  of  refraction  is  sufficient  for 
completely  detuning  the  resonance.  For  a  ring  resonator  of  10pm,  an  index  change  as 
small  as  10'3  is  sufficient  to  tune  the  resonance  by  1  nm.  We  study  ring  resonators 
coupled  to  single  waveguides  (see  Fig.  3).  These  ring  resonators  transmit  signals  with 
wavelengths  that  do  not  correspond  to  the  resonances  of  the  ring  (see  Fig.  4).  The 
resonances  of  the  ring  can  be  tuned  by  modifying  the  index  of  refraction  of  the  ring  (or 
part  of  the  ring)  and  therefore  a  modulation  of  the  signal  transmitted  through  the  ring 
resonator  can  be  achieved  (see  Fig.  5). 


Fig.  3.  Scanning  electron  micrograph  of  a  detail  of  10  pm  Fig.  4.  Measured  spectrum  of  the  10  pm  ring- 
diameter  ring  coupled  to  the  waveguide.  Inset  shows  the  resonator  seen  in  Fig.3. 

whole  ring  structure  (scale  bar  applies  to  inset). 

Figure  3  shows  a  10  pm  diameter  ring  resonator.  The  inset  shows  the  whole  ring 
structure.  The  figure  shows  a  zoom  in  of  part  of  the  ring  coupled  to  the  waveguide.  The 
devices  were  patterned  by  electron-beam  lithography  and  subsequently  etched  by  ICP- 
R.IE  following  the  same  process  and  simultaneously  with  the  nano-taper  coupler 


described  earlier.  The  spectral  response  of  the  fabricated  device  is  shown  in  Fig.  4.  One 
can  see  that  the  Q  of  the  cavity  is  extremely  high,  demonstrating  strong  light  confining  in 
the  structure,  which  in  turn  signifies  strong  dependence  on  the  index  of  refraction  of  the 
ring. 
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Fig.  5.  Typical  spectra  of  a  switch  in  an  ON  and  OFF  state 


In  [23]  a  Titanium:Sapphire  femtosecond  laser  is  used  to  generate  120  fs  pulses  at  Xiaser  ~ 
800  nm  with  1 .5  nJ  energy  and  80  MHz  repetition  rate.  The  femtosecond  laser  pulse  is 
converted  into  the  pump  pulse  at  A.pump  =  400  nm  through  second-harmonic  generation 
using  a  Beta-Barium-Borate  (BBO)  non-linear  crystal.  The  pump  pulse  is  focused  onto 
the  single-coupled  Si  ring  resonators.  The  pump  pulse  energy  is  less  than  120  pJ  at  the 
ring  resonator  plane,  which  corresponds  to  an  average  optical  pump  power  of  less  than  10 
mW.  A  probe  CW  beam  is  focused  into  the  waveguide,  which  is  coupled  to  the  ring 
resonator  and  collected  by  a  5  GHz  photodetector  with  nominal  fall/rise  times  of  about  70 
ps. 

In  [24]  two-photon  absorption  is  used  to  generate  the  free  carrier.  In  contrast  to  [23],  both 
pump  and  probe  beams  are  in  the  1.5micron  spectral  range,  and  are  both  coupled  in¬ 
plane.  In  [24]  the  laser  source  for  the  pump  is  a  tunable  mode-locked  optical  parametric 
oscillator  (ORO),  which  in  turn  is  pumped  by  a  Ti:sapphire  picosecond  laser  at  a  78-MHz 
repetition  rate.  The  OPO  generates  1 .5-ps  pulses  that  pass  through  a  Fabry-Perot  tunable 
filter  in  order  to  produce  the  pump  beam,  which  comprises  10-ps  pulses  with  energy  of 
less  than  25-pJ  coupled  to  the  silicon  waveguide  input.  A  tunable  continuous-wave  laser 
provides  the  probe  signal.  Both  pump  and  probe  beams  are  set  to  be  linearly  polarized 
(quasi-TM)  by  use  of  independent  polarization  controllers.  The  pump  and  probe  beams 
are  combined  by  directional  couplers  and  coupled  into  the  silicon  waveguide  by  an 
external  tapered-lensed  fiber  and  an  on-chip  fiber-to-waveguide  nanotaper  couplerl7. 
The  transmitted  probe  signal  is  coupled  into  a  collimator  and  separated  from  the 
transmitted  pump  light  through  a  band-pass  tunable  grating  filter.  The  probe  signal  is 
detected  by  a  high-speed  DC-12GHz  photodetector  with  a  nominal  fall/rise  time  of  30  ps. 
A  20-GHz  digital  sampling  oscilloscope  is  used  to  record  the  probe  signal. 

The  temporal  response  of  the  transmitted  probe  signals  in  [23]  are  shown  in  Fig.  6  for 
two  distinct  probe  wavelengths:  Aprobc  =  1,554.6  nm  (below  resonance)  and  Aprobt  = 
1,555.5  nm  (on  resonance).  Similar  results  were  obtained  in  [24].  The  measured 
modulation  depth  (MD)  is  defined  as  MD  =  (  Imax  -  L  )  / I  max  ,  where  /max  and  /min  are, 
respectively,  the  maximum  and  minimum  probe  optical  power  signal  for  a  fixed 
wavelength.  The  modulation  depth  is  about  75%  for  A vr0be  —  1,554.6  nm  and  97%  for 
Apmbe  =  1,555.5  nm.  The  measured  modulation  depth  is  limited  only  by  the  photodetector 
response  time.  For  a  photodetector  with  a  response  time  of  less  than  20  ps,  one  should 


expect  to  measure  modulation  depths  of  nearly  100%  at  both  probe  wavelengths. 

By  assuming  an  instantaneous  spectral  shift  of  the  spectrum,  followed  by  a  simple 
exponential  decay  representing  the  free-carrier  relaxation  time,  a  wavelength  peak  shift  of 
AX  =  -1 . 1  nm  and  a  relaxation  time  of  rfc  =  450  ps  is  btained.  This  relaxation  time,  much 
shorter  than  the  bulk  Si  free-carrier  lifetime,  is  not  fundamental,  and  is  due  to  fast 
recombination  mechanisms  on  the  unpassivated  sidewalls  of  the  structures.  By 
manipulating  the  degree  of  surface  passivation  or  by  using  ion  implantation,  the  free- 
carrier  lifetime  could  be  further  decreased.  The  wavelength  peak  shift  of  the  ring 
resonator  corresponds  to  an  effective  index  change  of  Aneff=  -1 .45- 10  3,  or  equivalently  to 
a  refractive  index  change  in  the  silicon  core  of  Ans\  —  — 1 .6-1 0  3.  This  refractive  index 
change  is  caused  by  a  free-carrier  concentration  of  AN  =  AP  =  4.8- 1 017  cm'3.  Considering 
the  physical  dimensions  of  the  ring  resonator,  the  optical  pulse  energy  that  needs  to  be 
absorbed  by  the  ring  resonator  in  order  to  excite  such  a  free-carrier  concentration  is 
estimated  to  be  of  only  0.9  pJ.  The  losses  due  to  absorption3,  estimated  from  free-carrier 
concentration  are  Aa  =  6.9  cm'1,  significantly  lower  than  the  estimated  scattering  losses 
in  the  ring  resonator  of  armg  =  33.6  cm'1.  The  relative  low  absorption  losses  indicate  that 
the  observed  modulation  is  due  only  to  a  refractive  index  change  and  that  thermal  effects 
can  be  neglected.  This  is  of  foremost  importance  for  the  application  of  the  proposed 
device  as  an  all-optical  gate,  enabling  near  100%  transmission  of  the  data  signal  once  the 
gate  is  open. 

These  results  form  the  basis  for  novel  devices  for  all-optical  Si  modulators  and 
switches,  enabling  entirely  novel  architectures  on  chip.  Devices  confining  both  pump  and 
probe  with  different  confinement  levels  would  enable  different  functionalities.  One  could 
envision  for  example  the  pump  light,  externally  coupled  to  the  chip,  being  guided  in 
SiOi/air  waveguides  for  modulating  Si  devices  in  specific  locations  on  the  chip. 


Pump  on 


Fig.  6.  Temporal  response  of  the  probe  signal  to  the  pump  excitation  showing  transmission  for  probe 
wavelengths  below  resonance  (solid  line)  and  on  resonance  (dotted  line). 

Conclusion 

Our  recent  results  using  sub-micron  size  highly  confining  structures  in  Si  show  the 
feasibility  of  switching  and  coupling  light  on-chip.  These  results  form  the  building  blocks 


for  all-optical  circuits,  where  passive  as  well  as  active  components  could  be  integrated  on 
a  single  chip.  The  demonstrated  devices  could  form  the  basis  for  new  on-chip  and  chip-to 
chip  architecture?  for  low  power  and  high  bandwidth  applications. 
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Low-Power-Consumption  Short-Length 
and  High-Modulation-Depth  Silicon 
Electrooptic  Modulator 

Carlos  Angulo  Barrios,  Vilson  Rosa  de  Almeida,  and  Michal  Lipson 


Abstract- — In  this  paper,  we  propose  and  analyze  a  novel 
compact  clectrooptic  modulator  on  a  silicon-on-insulator  (SOI) 
rib  waveguide.  The  device  confines  both  optical  field  and  charge 
carriers  in  a  micron-size  region.  The  optical  field  is  confined  by 
using  a  planar  Fabry-Perot  microcavity  with  deep  Si/Si02  Bragg 
reflectors.  Carriers  are  laterally  confined  in  the  cavity  region  by 
employing  deep-etched  trenches.  The  refractive  index  of  the  cavity 
is  varied  by  using  the  free-carrier  dispersion  effect  produced  by 
a  p-i-n  diode.  The  device  has  been  designed  and  analyzed  using 
electrical  and  optical  simulations.  Our  calculations  predict,  for 
a  20-/xm-long  device,  a  modulation  depth  of  around  80%  and 
a  transmittance  of  86%  at  an  operating  wavelength  of  1.55  /xm 
by  using  an  electrical  power  under  dc  conditions  on  the  order  of 
25  /x W. 

Index  Terms — Bragg  reflector,  device  modeling,  Fabry-Perot 
cavity,  integrated  optics,  optical  modulator,  plasma  dispersion 
effect,  silicon  optoelectronics. 

I.  Introduction 

SILICON-BASED  photonic  components  working  at  1.3- 
and  1.55-//m  fiber-optic  communications  wavelengths  for 
fiber-to-home  interconnects  and  local  area  networks  (LANs) 
are  a  subject  of  intensive  research  because  of  the  possibility 
of  integrating  optical  elements  and  advanced  electronics 
together  on  a  silicon  substrate  using  bipolar  or  complementary 
metal  oxide  semiconductor  (CMOS)  technology  [1].  The  re¬ 
sulting  optoelectronic  integrated  circuit  (OEIC)  should  exhibit 
a  better  performance  than  optical  and  electrical  circuits  do 
when  considered  separately  and  present  a  significantly  lower 
cost  than  those  based  on  III— V  semiconductor  materials. 

Si  passive  structures,  such  as  waveguides,  couplers,  and 
filters  have  been  extensively  studied  [2]— [4].  Less  work  has 
been  reported  on  Si  active  (or  tunable)  integrated  devices, 
such  as  modulators  and  switches,  despite  their  importance  as  a 
means  of  manipulating  light  beams  for  information  processing 
(e.g.,  coding-decoding,  routing,  multiplexing,  timing,  logic 
operations,  etc.)  in  integrated  optic  circuits.  Some  Si-based 
thermooptic  [5],  [6]  and  electrooptic  [7]-  [20]  active  devices 
have  been  demonstrated.  In  thermooptic  devices,  the  refractive 
index  of  Si  is  modulated  by  varying  the  temperature,  inducing 
a  phase  modulation  which,  in  turn,  is  used  to  produce  an 
intensity  modulation  at  the  output  of  the  device.  For  Si,  the 
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thermal  change  of  the  real  optical  refractive  index  is  large  [5]. 
Nevertheless,  the  thermooptic  effect  is  rather  slow  and  can 
only  be  used  at  up  to  1-MHz  modulation  frequencies  [6].  For 
higher  modulation  frequencies,  up  to  a  few  hundred  megahertz, 
electrooptic  devices  are  required. 

Most  of  the  proposed  electrooptic  devices  exploit  the  free 
carrier  dispersion  effect  [21]  to  change  both  the  real  refrac¬ 
tive  index  and  optical  absorption  coefficient.  This  is  because 
the  unstrained  pure  crystalline  Si  does  not  exhibit  linear  elec¬ 
trooptic  (Pockels)  effect,  and  the  refractive-index  changes  due 
to  the  Franz-Keldysh  effect  and  Kerr  effect  are  very  weak.  In 
free-carrier  absorption  modulators  (FCAM),  changes  in  the  op¬ 
tical  absorption  of  the  structure  are  directly  transformed  into  an 
output  intensity  modulation  [18].  Phase  modulation  in  a  specific 
region  of  optical  devices,  such  as  Mach-Zehnder  modulators, 
total-intemal-reflection  (TTR)-based  structures,  cross  switches, 
Y  switches  and  Fabry-Perot  (F-P)  resonators,  is  also  used  to 
modulate  the  output  intensity  [7]— [20]. 

Free-carrier  concentration  in  electrooptic  devices  can  be 
varied  by  injection,  accumulation,  depletion,  or  inversion  of 
carriers.  Si-based  electrooptic  modulators  (EOMs)  based  on 
p-i-n  diodes,  metal-oxide-semiconductor  field-effect  tran¬ 
sistors  (MOSFETs)  and  bipolar-mode  field-effect  transistor 
(BMFET)  structures  have  been  proposed  [7]-[20],  [22],  [23]. 
Table  I  shows  a  comparison  of  all-silicon  electrooptic  intensity 
modulators  and  switches  reported  in  the  literature.  Most  of  the 
listed  devices  present  some  common  features:  they  require  long 
interaction  distances  and  injection  current  densities  higher  than 
1  kA/cm2  in  order  to  obtain  a  significant  modulation  depth. 
Long  interaction  lengths  are  undesirable  in  order  to  achieve 
high  levels  of  integration  and  miniaturization  for  fabricating 
low-cost  compact  chips.  High  current  densities  may  induce 
thermooptic  effect  due  to  heating  of  the  structure  and  cause  an 
opposite  effect  on  the  refractive-index  change  as  that  produced 
by  free-carrier  dispersion,  reducing  its  effectiveness.  There  is 
therefore  an  urgent  need,  from  the  integration  point  of  view, 
for  structures  that  can  be  implemented  in  a  micron-size  region 
offering  low  current  density,  low  power  consumption,  and  high 
modulation  depth. 

Microcavities  allow  for  the  confinement  and  enhancement  of 
the  optical  field  in  a  very  small  region.  The  transmission  of  these 
structures  near  their  resonance  is  highly  sensitive  to  small  index 
changes  in  the  cavity,  making  microcavities  adequate  for  inten¬ 
sity  modulation  applications  in  a  short  length  [15].  In  addition, 
since  the  refractive- index  modulation  can  be  confined  to  the 
cavity  region,  the  electrical  power  to  produce  the  desired  phase 
change  can  be  made  very  small. 
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TABLE  I 

Silicon  Electrooptic  Active  Devices  Reported  in  the  Literature  (FCAM=Free-Carrier  absorption  Modulator;  F-P=F abry-P£rot;  TIR=Total 

INTERNAL  REFLECTION;  ZG DC-ZERO  Gap  DIRECTIONAL  COUPLER;  M-AMPLITUDE  MODULATION  DEPTH;  J-CURRENT  DENSITY;  t.= SWITCHING  TIME; 

V.D.-'  VERTICAL  DEVICE;  DEM/(D)=DEMONSTRATED;  PROP/(P)=PROPOSED) 


Year 

Author 

Electrical 

structure 

Optica] 

structure 

M 

(%) 

j 

(kA/cm2) 

Power 

(raW) 

t, 

(”?) 

Length 

Gun) 

Dem./ 

Prop. 

1987 

p-i-n 

Cross  switch 

50 

1.26 

- 

■ 

2000 

D 

1989 

mn 

30 

■ 

Bin 

D 

1991 

Treyz  et  al.  [9] 

rxmm 

FCAM 

75 

3.0 

- 

500 

D 

1991 

Treyz  et  al  [10] 

65 

1.6 

-  ■ 

mi 

500 

D 

1991 

Xiaoet  al.  [11] 

I383HH 

F-P 

10 

6.0 

- 

v.d. 

D 

1994 

Liu  et  al.  [12] 

p-i-n 

E2I 

9.0 

* 

SB 

800 

D 

1994 

p-i-n 

e m 

12.5 

- 

■liM 

200 

D 

1995 

m 

- 

- 

200 

816 

D 

1995 

Liu  el  al.  [15] 

ishu 

F-P 

WEM 

- 

- 

20.9 

P 

1996 

Zhao  et  al  .[16] 

p-i-n 

1.027 

123.7 

1103 

D 

1997 

Bragg 

reflector 

- 

4 

24.7 

3200 

P 

1997 

Cutolo  et  al.  [18] 

BMFET 

2.3 

126 

6 

1000 

P 

1997 

Zhao  et  al.  [19] 

p-i-n 

TIR 

>88 

8.8 

- 

110 

190 

D 

2001 

Coppola  et  al. 

[20] 

p-i-n 

Bragg 

reflector 

94 

■ 

0.3 

5 

3200 

P 

Carrier  confinement  in  the  active  region  of  the  electrooptic 
device  is  important  in  order  to  optimize  the  device  performance. 
For  example,  the  use  of  lateral  trench  isolation  in  a  silicon  p-i-n 
phase  modulator  has  been  predicted  to  improve  both  the  dc  and 
transient  device  performances  [24].  This  is  because  the  lateral 
carrier  diffusion  that  does  not  contribute  to  altering  the  refractive 
index  in  the  central  active  region  of  the  modulator  is  reduced,  al¬ 
lowing  a  better  use  of  the  injected  carriers.  In  addition,  carrier 
confinement  permits  high-scale  integration  due  to  electrical  iso¬ 
lation  between  neighbor  devices. 

We  propose  the  use  of  the  aforementioned  advantages  of  mi¬ 
crocavities  (optical  field  confinement)  and  trench  isolation  (car¬ 
rier  confinement)  in  a  planar  silicon  F-P  cavity  formed  by  high- 
index-contrast  Si/SiC>2  distributed  Bragg  reflectors  (DBRs)  to 
design  a  compact  low-drive-power  and  high-modulation-depth 
EOM  in  a  silicon-on-insulator  (SOI)  ridge  waveguide.  The  SOI 
ridge  waveguide  allows  implementing  a  lateral  p-i-n  diode  in  the 
microcavity,  and  may  exhibit  optical  losses  less  than  1 .0  dB/cm 
at  l.55-//m  wavelength  [25]. 

This  paper  has  been  divided  into  the  following  sections.  Sec¬ 
tion  II  describes  the  device  structure.  In  Section  III,  the  elec¬ 
trical  and  optical  models  used  for  the  calculations  are  presented. 
In  Section  IV,  results  from  the  simulations  are  shown  and  dis¬ 
cussed  This  section  is  divided  into  electrical  and  optical  char¬ 
acteristics.  The  electrical  analysis  includes  dc  and  transient  per¬ 
formance  of  the  p-i-n/cavity  configuration.  The  optical  analysis 
comprises  both  the  optical  mode  characteristics  and  the  trans¬ 
mission  properties  of  the  device.  Finally,  a  summary  and  con¬ 
clusions  are  given  in  Section  V. 

II.  Device  Structure 

Fig.  1  (a)  and  (b)  shows  a  perspective  and  longitudinal-section 
schematics,  respectively,  of  the  EOM.  For  illustration  purposes, 
the  trenches  down  to  the  buried  oxide  (BOX)  layer  are  drawn 
as  empty  in  Fig.  1(a).  In  our  simulations,  these  are  assumed  to 


be  completely  filled  with  SiC>2.  The  device  consists  of  an  F-P 
cavity  formed  by  two  DBRs  in  an  SOI  rib  waveguide.  The  top 
silicon  layer  (device  layer)  is  1.5-jzm-high  (/id)  with  an  n-type 
background  doping  concentration  of  1015  cm"3.  Both  DBRs 
consist  of  the  same  number  of  Si/Si02  periods  down  to  the  BOX 
layer.  The  length  of  the  Si  and  Si02  regions  is  denoted  as  Ls\ 
and  Lox,  respectively.  Fig.  2  shows  a  schematic  diagram  of  the 
cavity  region.  As  in  Fig.  1(a),  the  trenches  are  drawn  as  unfilled 
for  better  visualization.  The  rib  width  and  height  are  chosen  to 
be  wT ib  =  1 .5  /im  and  hr ^  =  0.45  jim,  respectively.  Two  lateral 
trenches  down  to  the  BOX  layer  are  assumed  to  be  on  both  sides 
of  the  rib  with  a  width  of  wtr  =  1 50  nm.  The  width  of  the  cavity 
region  delimited  by  the  lateral  trenches  is  Wpin.  Heavily  doped 
p+  and  n+  regions  are  defined  in  the  cavity  region,  at  both  sides 
of  the  rib,  separated  wsep  =  0.5  (xm  from  the  corresponding 
rib  edge  and  extended  to  the  corresponding  lateral  trench.  A 
Gaussian  doping  profile  is  assumed  for  both  highly  doped  re¬ 
gions  with  a  maximum  peak  concentration  of  102°  cm"3  at 
y  =  [(/iti  -  /irib)  -  0.01  fxm]  =  1.04  fxm,  located  along  a  line 
from  x  =  (Wpjn/2)  to  x  =  [(iorib/2)  +  wscp]  for  one  doped 
region  and  from  x  =  -{Wpin/ 2)  to  x  =  -~[(u;rib/2)  +  wscp] 
for  the  other  one,  and  a  standard  deviation  along  the  y  axis  of 
0.05  ^m.  At  x  >  -[(wrjb/2)  +  wSQp]  for  one  doped  region  and 
x  <  [(wrib/2)+wScP]  f°r  the  other  one,  the  doping  drops  off  lat¬ 
erally  (along  the  x  axis)  with  a  standard  deviation  of 0.035  fxm: 
The  length  of  the  highly  doped  regions  is  equal  to  that  of  the 
cavity  (Lc av).  Metal  electrodes  contact  both  the  p+  (anode)  and 
n+  (cathode)  regions  with  the  same  width  and  length  as  those. 
A  planar  silicon  dioxide  layer  covering  the  whole  structure  has 
been  assumed. 

III.  Device  Model 

The  electrooptic  device  was  electrically  and  optically  mod¬ 
eled.  An  electrical  model  was  used  to  study  key  parameters  of 
the  p-i-n/cavity  that  determine  the  device  performance,  such  as 
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Fig.  I .  (a)  Silicon  electrooptic  modulator  based  on  a  p-i-n  electrical  structure  in  a  Fabry-Perot  microcavity  with  high-reflectivity  Bragg  reflectors  integrated  in  a 
single-mode  SOI  ridge  waveguide.  The  output  light  is  electrically  controlled  by  a  voltage  generator  (V).  (b)  Longitudinal  cross  section  of  the  device. 


free-carrier  concentration  and  distribution  in  the  cavity,  injec¬ 
tion  current  density,  electrical  power,  and  internal  temperature 
under  dc  and  transient  conditions.  An  optical  model  was  em¬ 
ployed  to  design  and  analyze  the  Bragg  reflectors  and  the  cavity 
length  in 'terms  of  transmission,  modulation  depth,  and  optical 
losses  of  the  structure. 

A.  Electrical  Mode I 

A  commercially  available  two-dimensional  (2-D)  and 
three-dimensional  (3-D)  simulation  package,  ATLAS  from 
S1LVACO  [26],  was  employed  to  achieve  the  electrical  cal¬ 
culations.  The  suitability  of  this  device  modeling  software 
to  analyze  EOMs  in  SOI  waveguides  has  been  demonstrated 
by  other  authors  [24],  [27],  This  program  simulates  internal 
physics  and  device  characteristics  of  semiconductor  devices  by 
solving  Poisson’s  equation  and  the  charge  continuity  equations 
for  electrons  and  holes  numerically.  The  software  allows  a 
complete  statistical  approach  (Fermi-Dirac  statistics)  when. 


for  example,  heavily  doped  regions  are  considered.  Carrier 
recombination  models  include  Shockley-Read-Hall  (SRH) 
recombination,  Auger  recombination,  and  surface  recombi¬ 
nation.  A  concentration-  and  temperature-dependent  model 
has  been  used  to  model  the  carrier  mobility.  The  simulation 
package  also  includes  thermal  modeling,  which  accounts  for 
Joule  heating,  heating  and  cooling  due  to  carrier  generation  and 
recombination,  and  the  Peltier  and  Thomson  effects.  The  heat 
flow  equation  is  solved  for  specific  combinations  of  heat-sink 
structures,  thermal  impedances,  and  ambient  temperatures. 

In  our  simulations,  a  carrier  concentration-dependent  SRH  re¬ 
combination  model  has  been  employed,  with  an  estimated  car¬ 
rier  lifetime  in  the  Si  device  layer  (intrinsic  region)  of  electrons 
and  holes  of  r„  —  700  ns  and  rv  —  300  ns,  respectively,  for  an 
n-type  doping  concentration  of  I0l0  cm“3  [18]. 

Ohmic  contacts  without  additional  contact  resistance  or  ca¬ 
pacitance  have  been  assumed.  In  addition,  the  electrical  contacts 
(electrodes)  were  considered  to  act  as  thermal  contacts  (heat 
sinks)  at  a  fixed  temperature  of  300  K. 


I  M2 
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Fig.  2.  Schematic  of  the  microcavity.  A  lateral  p-i-n  diode  is  formed  by  defining  two  highly  doped  n  and  p  regions  at  each  side  of  the  ridge,  respectively.  Two 
lateral  trenches  avoid  carrier  diffusion  away  from  the  cavity  region. 


B.  Optica!  Mode! 

We  used  the  finite-difference  time-domain  (FDTD)  method 
[28]  and  transfer  matrix  method  (TMM)  [29]  for  the  optical 
analysis  of  the  DBRs  and  F-P  cavity.  From  the  values  of  the 
electron  and  hole  concentrations  at  any  point  of  the  p-i-n/cavity 
region,  the  induced  real  refractive  index  and  optical  absorption 
coefficient  variations  (An  and  Aa,  respectively)  at  a  wave¬ 
length  of  1.55  p m  produced  by  free-carrier  dispersion  (highly 
doped  regions  and  carrier  injection  in  the  cavity)  are  calculated 
by  using  [30] 

An  =  A nc  +  A n*  =  -  [8.8  x  10-22  ■  A N 

+8.5  x  10“18*(AP)0-8]  (1) 
Aa  =  Aac  +  Aah  =  8.5  x  lO-18  •  AN 

+  6.0  x  10"18  •  AP  (2) 


where 

A  nc 

refractive-index  change  due  to  electron 
concentration  change; 

An/, 

refractive-index  change  due  to  hole  con¬ 
centration  change; 

AN 

electron  concentration  change  in  cm"3; 

AP 

hole  concentration  change  in  cm"3; 

Aa,,(in  cm"1 ) 

absorption  coefficient  variations  due  to 
AN- 

Aa/,(incm”1) 

absorption  coefficient  variation  due  to 

A  P. 


Diffraction  losses  and  material  optical  absorption  are  calcu¬ 
lated  with  the  FDTD  method.  The  fundamental  mode  of  the 
waveguide  is  launched  at  the  input  and  the  reflected  ( R ),  and 
transmitted  ( T )  powers  are  recorded  by  virtual  detectors.  Losses 
(.4)  are  obtained  by  using  the  relation  R  +  T  +  A  —  1.  Scat¬ 
tering  losses,  due  to  surface  roughness,  are  neglected.  We  used  a 
one-dimensional  (1-D)  model  (along  the  propagation  direction) 
based  on  the  TMM  to  calculate  the  transmission  and  reflection 
spectra  of  the  structure.  The  effect  of  the  transverse  and  lateral 
geometry  of  the  stiucture,  the  diffraction,  and  the  absorption  are 
considered  in  our  1-D  model  by  using  an  equivalent  complex 


effective  refractive  index  obtained  from  the  3-D  FDTD  calcula¬ 
tions  of  the  entire  structure  for  a  short  cavity  length  (Ap/2nsi, 
where  Ap  =  1 .55  jum  and  nsi  is  the  effective  refractive  index 
of  the  Si  region).  The  purpose  of  using  this  technique  is  to  sim¬ 
plify  the  calculations  by  employing  a  flexible  model  that  allows 
predicting  the  optical  performance  of  the  device  for  different 
design  parameters  in  a  shorter  time.  Calculations  obtained  by 
using  this  FDTD-assisted  TMM  technique  were  in  good  agree¬ 
ment  with  those  obtained  by  employing  exclusively  the  FDTD 
method,  which  supports  the  suitability  of  our  model. 

IV.  Results  and  Discussion 
A.  Electrical  Analysis 

J)  DC  Characteristics:  We  found  that  both  electron  (JV)  and 
hole  (P)  concentrations  in  the  cavity  region  are  nearly  equal  for 
forward-bias  voltages  between  0.8  and  1.1  V,  assuming  a  sur¬ 
face  recombination  velocity  of  1 02  cm/s  at  the  interface  between 
the  Si  cavity  and  the  surrounding  SiC^.  This  surface  recombi¬ 
nation  velocity  may  correspond  to  Si  surfaces  passivated  with 
thermally  grown  SiC>2  [31].  The  p-i-n  diode  operates  under  high 
injection  condition  within  the  considered  forward-bias  voltage 
range.  As  expected  from  previous  works  on  larger  structures 
[17],  [27],  the  injected  carrier  distribution  is  highly  uniform 
throughout  the  central  region  of  the  cavity.  This  result  simpli¬ 
fies  the  optical  calculations,  since  the  spatial  distribution  of  the 
refractive  index  and  absorption  coefficient  in  the  cavity  when 
carriers  are  injected  in  the  guiding  region  can  be  considered  uni¬ 
form.  A  carrier  concentration  of  AT  =  P  =  3  x  1017  cm“3 
is  predicted  for  a  forward  bias  of  0.87  V,  which  induces  a  real 
refractive-index  change  of  An  =  -10-3  [see  (1)]  and  an  ab¬ 
sorption  coefficient  variation  of  Aa  =  4.35  cm”1  [see  (2)]. 

Our  simulations  show  that  some  of  the  injected  free  carriers 
into  the  low-doped  n-type  Si  layer  spread  laterally  away  from 
the  central  guiding  region  as  the  distance  between  the  lateral 
trenches  (Wpin)  is  increased,  in  agreement  with  previous 
works  [24].  This  leads  to  a  leakage  current  component  that 
increases  the  necessary  dc  power  in  order  to  obtain  the  targeted 
carrier  concentration  (refractive-index  change)  in  the  central 
guiding  region.  In  particular,  the  dc  power  consumption  for 
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TABLE  II 

Total  Current  Density  (7),  Percentage  of  the  Current  Component  due  to  Surface  Recombination  (7,)  to  the  Total  Current  (7),  dc 
Electrical  Power  ( TV).  and  Frge-Carrigr  Concentration  (A\  P)  in  the  Central  Region  of  the  Cavity  for  Three  Surface  Recombination 
Velocities  at  the  Si/SiOj  Interfaces:  (a)  Sp  =  Sn  =  0;  (b)  Sp  =  Sn  =  I02  cm/s;  AND  (c)  5P  =  5„  =  10r‘  cm/s.  A  Forward-Bias 

Voltage  of  0.87  V  and  a  Cavity  Length  of  I  pm  Are  Considered 


Sp,  Sn  (cm/s) 

J  (A/cm2) 

iji  (%> 

Pdc(uW) 

N,  P  (cm°) 

0 

83.33 

0 

1.14 

3x10“ 7 

102 

115.86 

28.1 

1.51 

3x10' ' 

10* 

5514.6 

98.5 

71.9 

IxIO15 

Fig  3.  Free-carrier  distribution  along  the  y  axis  at  a  =  0  // m  and 

-  =  l^v/ 2  for  three  different  surface  recombination  velocities  at  the 

Si/SiO >  cavity  interface:  (a)  5,,  =  Sn  =  0;  (b)  5,,  =  5„  =  10“  cm/s;  and 
(c)  Sp  =  Sn  —  10*  cm/s.  In  all  cases,  a  forward-bias  voltage  of  0.87  V  is 
considered. 

W'pin  equal  to  4.5,  8,  and  12  ^.m  was  calculated  to  be  0.81, 
1.51,  and  2.27  /uW  per  micrometer  length,  respectively,  for  a 
free-carrier  concentration  in  the  cavity  of  3  x  1017  cm"3.  That 
is,  the  dc  power  increases  180%  when  Wp\n  is  varied  from  4.5 
to  12  /im,  indicating  the  need  to  confine  carriers  in  the  guiding 
region  in  order  to  reduce  the  drive  dc  power.  Hereafter,  we 
will  assume  a  Wpm  value  of  8  ixm  as  a  compromise  between 
low  power  consumption  and  good  optical  properties  [see  Sec¬ 
tion  IV-B1)].  In  the  same  way  as  occurs  in  the  lateral  direction 
(.r  axis),  carriers  may  diffuse  along  the  longitudinal  direction 
(z  axis)  if  no  carrier  confinement  means  are  accounted.  By 
using  lateral  and  longitudinal  trenches  down  to  the  BOX  layer, 
electrical  isolation  of  the  cavity  is  achieved  along  all  directions, 
leading  to  injection  carrier  confinement  in  the  central  guiding 
region,  suppressing  the  leakage  current  due  to  carrier  spreading. 

Fig.  3  shows  the  electron  and  hole  distribution  along  the  y 
axis  at  x  =  0  /urn  and  2  =  Lcav/2  for  a  forward-bias  voltage 
of  0.87  V  and  different  surface  recombination  velocities  ( Sp  and 
Sn ,  for  holes  and  electrons,  respectively).  In  case  (a),  no  surface 
recombination  =  0)  is  assumed;  case  (b)  corresponds 

to  thermally  grown  SiO?  (Sp  -  S„  =  102  cm/s);  and  case  (c) 
assumes  no  surface  passivation  (Sp  =  Sn  =  10°  cm/s).  As 
expected,  it  is  observed  that  for  case  (a),  the  carrier  distribution 
is  highly  uniform.  For  case  (b),  the  carrier  distribution  is  not 
significantly  affected  with  respect  to  case  (a).  On  the  other  hand, 


for  case  (c),  it  is  clear  that  the  total  carrier  concentration  has 
decreased  with  respect  to  the  previous  cases  and  does  not  present 
a  uniform  spatial  distribution.  Case  (c)  could  correspond  to  a 
Si/Si02  interface  in  which  Si02  has  been  placed  by  means 
other  than  thermal  growth,  such  as,  for  example,  chemical  vapor 
deposition  (CVD)  or  spin-on-glass  (SOG)  techniques. 

Table  II  shows  the  drive  current  density  ( J),  percentage  of  the 
current  component  due  to  surface  recombination  (./,)  to  the  total 
current  ( J),  dc  power  ( Pac ) ,  and  free-carrier  concentration  ( N,  P) 
in  the  central  region  of  the  cavity  for  the  aforementioned  surface 
recombinationvelocities.Thecurrentdensityisdefinedasthetotal 
injection  current  divided  by  the  longitudinal  cross-section  area  of 
the  cavity  at  the  middle  (a:  =  0).  In  all  the  cases,  a  forward  voltage 
of  0.87  V  and  a  cavity  length  of  1  pm  are  assumed. 

As  expected,  it  is  seen  that  the  injection  current  and  electrical 
power  increase  as  the  surface  recombination  velocity  is  increased. 
For  case  (b),  the  injection  current  component  due  to  surface  re¬ 
combination  (leakage  current)  represents  28. 1  %  of  the  total  cur¬ 
rent,  whereas  this  leakage  component  reaches  a  significant  98.5% 
of  the  total  injected  current  for  case  (c).  The  dissipated  power  for 
case  (b)  increases  by  32.4%,  as  compared  with  case  (a),  as  a  con¬ 
sequence  of  leakage  current  via  surface  recombination;  neverthe¬ 
less,  the  total  drive  power  is  kept  to  a  low  value.  These  results  indi¬ 
cate  the  importance  of  electrical  passivation  of  the  surfaces  of  the 
p-i-n/cavity  region  in  order  to  reduce  the  component  of  the  total 
current  due  to  surface  recombination  and,  therefore,  the  dc  power 
consumption.  In  addition,  surface  passivation  by  thermal  Si02  is 
also  advantageous  from  the  optical  point  of  view,  since  it  reduces 
the  scattering  losses  from  the  surface  [32].  Hereafter,  a  surface  re¬ 
combination  velocity  of  Sp  =  Sn  =  102  cm/s  will  be  assumed. 
Forthis  case,  the  calculated  increase  of  the  device  temperature was 
less  than  10“2  K. 

It  must  be  noted  that  the  effect  of  the  contact  resistance  of  the 
electrodes  on  the  total  power  is  not  significant  for  a  forward  in¬ 
jection  current  of  1.74  fxA//im  (V  =  0.87  V)  if  proper  contact 
metallization  is  achieved.  For  example,  if  Co/Si  contacts  are  as¬ 
sumed  on  both  electrodes,  the  corresponding  contact  resistance 
values, afterarapidthermalannealing(RTA)process,onthehighly 
doped  n+  andp+  regions  should  be  around  1.6  x  10“7  and8.9  x 
1 0“" 7  Ocm2 ,  respectively  [33] .  This  means  a  total  series  resistance 
due  to  the  contacts  of  38.2  ft  /im,  which  leads  to  a  negligible  in¬ 
crease  of  l.f  x  10“ 10  W//im  in  dc  power  consumption. 

B.  Transient  Characteristics 

We  assumed  an  excitation  voltage  pulse  with  Voff  =  0  V 
(OFF  state)  and  Von  =  0.87  V  (ON  state)  for  the  transient 
analysis.  The  duration  of  both  OFF  and  ON  states  is  300  ns. 
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Eig.  4.  (a)  Transient  behavior  of  the  refractive-index  change  in  the  cavity  (A  n)  for  a  voltage  pulse  with  Von  =  0.87  V  and  Voff  =  0  V.  (b)  Transient  variation 

of  A/i  for  Von  =  0.87  V  and  Vqpf  =  —5  V.  In  both  cases,  the  voltage  pulse  is  300  ns  long  for  both  ON  and  OFF  states  with  ramp  and  fall  times  of  0.1  ns. 


whereas  both  the  rise  time  and  fail  time  for  the  voltage  bias 
step  are  0. 1  ns.  Fig.  4(a)  shows  the  excitation  voltage  pulse  and 
the  calculated  refractive-index  modulation  (An)  in  the  cavity 
due  to  free-carrier  dispersion  effect  versus  time.  For  the  refrac¬ 
tive-index  modulation,  we  define  the  turn-on  time  (^on)  as  the 
time  required  for  the  refractive- index  change  (An)  to  change 
from  10%  to  90%  of  its  maximum  absolute  value  (|An|).  Like¬ 
wise,  the  turn-off  time  (£off)  is  defined  as  the  time  needed  for 
the  refractive-index  change  to  vary  from  90%  to  10%  of  its  max¬ 
imum  absolute  value.  It  is  seen  that  the  turn-on  time  is  longer 
than  the  turn-off  time.  The  decrease  of  refractive  index  occurs 
because  of  carrier  injection  (forward  bias)  by  diffusion  from 


the  highly  doped  regions  into  the  intrinsic  (low-doped)  material. 
Th  is  is  because  the  characteristic  length  for  diffusive  transport  in 
the  intrinsic  region  l  =  (Dare ft)1/2  —  5.2  fi m  [Da  =  18  cm2/s 
is  the  ambipolar  diffusion  coefficient  [9],  and  reff  (=  tQ N  = 
15.27  ns)  is  the  effective  carrier  lifetime  in  the  intrinsic  re¬ 
gion]  is  comparable  to  the  lateral  dimension  of  our  device.  On 
the  other  hand,  the  increase  of  refractive  index  results  from 
depletion  of  carriers  in  the  central  guiding  region.  Carrier  re¬ 
moval  is  achieved  by  both  carrier  recombination  and  the  in¬ 
creased  electric  field  across  the  intrinsic  region.  A  higher  re¬ 
verse  Voff  would  result  in  a  shorter  turn-off  time,  since  the 
depletion  electric  field  is  increased.  This  is  seen  in  Fig.  4(b)  for 
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Fig.  5.  Current  and  maximum  device  temperature  transient  response  when  the  device  is  switched  off  from  Von  =  0.87  V  to  Voff  —  0  V  (filled  circles  and 
squares,  respectively)  and  from  Von  =  0.87  V  to  V0ff  =  -5  V  (open  circles  and  squares,  respectively).  The  temperature  of  the  thermal  contacts  (electrodes) 
is  300  K. 


Voff  =  -5  V.  The  simulations  reveal  that  both  voltage  rise 
and  fall  processes  lead  to  the  appearance  of  current  peaks  for  a 
short  time  interval.  In  particular,  a  remarkable  reverse  current 
peak  occurs  during  the  transition  from  Von  to  Voff-  Fig-  5 
shows  the  transient  current  and  maximum  device  temperature 
during  the  stepping  down  of  the  applied  voltage  from  Von  = 
0.87  V  to  Vqff  =  0  V  and  - 5  V.  In  both  cases,  it  is  ob¬ 
served  that  the  transient  reverse  current  peak  (2  x  10~3  and 
1  x  10~3  A/pm  for  Voff  =  -5  V  and  Voff  =  0  V,  respec¬ 
tively)  is  around  three  orders  of  magnitude  higher  than  the  corre¬ 
sponding  steady-state  current  ( 1 .74  pA/pm),  and  the  maximum 
current  for  V0ff  =  -5  V  is  twice  higher  than  that  reached  for 
Voff  —  0  V.  The  higher  the  reverse  Voff,  the  shorter  becomes 
the  rise  time  and  the  larger  the  transient  current  peak.  This  leads 
to  an  appreciable  increase  of  the  device  temperature,  around  1 
K  for  Voff  =  "5  V.  For  A  =  1 .55  pm,  the  thermal  change  of 
refractive  index  of  silicon  is  dn/dT  =  -f  1.86  x  10"4  K-1  [5]. 
That  is,  a  maximum  temperature  increase  of  1  K  corresponds  to 
an  increase  of  the  refractive  index  of+1.86x  10“4,  which  is  one 
order  of  magnitude  smaller  than  that  induced  by  the  free-carrier 
dispersion  (An  =  -10“3).  Therefore,  the  thermooptic  effect 
for  both  Voff  =  0  V  and  Voff  =  -5  V  is  predicted  to  be  not 
significant. 

Another  factor  that  could  limit  the  switching  time  of  the  de¬ 
vice  is  the  photon  lifetime  in  the  F-P  cavity.  The  photon  life¬ 
time  (rPh)  corresponds  to  the  time  for  the  stored  energy  in  the 
cavity  to  vanish  after  the  external  supply  is  shut  off.  However, 
the  photon  lifetime  values  for  the  considered  device  configura¬ 
tions  [see  Subsection  IV-B2)]  are  calculated  to  be  on  the  order 
of  lens  to  hundreds  of  picoseconds,  that  is,  much  shorter  than 
the  switching  times  obtained  in  the  electrical  transient  anal¬ 
ysis.  Therefore  carrier  diffusion,  for  the  tum-on  time,  and  car¬ 


rier  depletion,  for  the  turn-off  time,  should  be  pointed  out  as  the 
switching  speed  limiting  factors  in  the  device  under  study. 

It  must  be  noted  that  a  larger  value  of Wpin  would  increase  the 
switching  time  ( ts )  since  the  refractive  index  must  be  changed 
(carrier  injection  and  depletion)  in  a  larger  volume.  For  ex¬ 
ample,  the  calculated  ts  for  Wpin  —  12  /im,  Von  =  0.87  V 
and  Voff  =  -5  V  is  predicted  to  be  18.56  ns,  that  is,  17.7% 
larger  than  that  calculated  for  =  8  pm. 

C.  Optical  Analysis 

1)  Modal  Characteristics:  Our  simulations  show 
single-mode  operation  in  the  SOI  rib  waveguide  for  both 
transverse  electric  (TE)  and  transverse  magnetic  (TM)  po¬ 
larization  modes,  for  hTlb  =  0.45  pm,  wrib  =  1.5  pm,  and 
/id  =  1.5  pm.  The  distance  between  the  lateral  trenches 
Wpin  =  8  pm  was  chosen  in  order  to  minimize  the  optical 
mode  mismatch  between  the  DBR  and  the  cavity  region,  as 
well  as  the  power  consumption  and  switching  time.  Fig.  6 
shows  the  intensity  profile  of  the  propagating  fundamental  TE 
mode  (TEoo)  for  Wp\n  —  8  pm.  The  overlap  integral  between 
the  TEoo  mode  in  the  cavity  region  and  TEoo  mode  in  the 
DBR  region  was  calculated  to  be  99.99%.  Lower  Wpin  values 
may  lead  to  unstable  single-mode  operation.  The  free-carrier 
absorption  losses  of  the  propagating  mode  due  to  the  highly 
doped  p+  and  n+  regions  were  found  to  be  negligible  because 
of  the  small  overlap  between  these  regions  and  the  optical 
mode. 

2)  Transmission  Characteristics:  The  lengths  of  the  Si 
and  Si02  regions  of  the  DBRs  were  chosen  according  to 
the  condition  nsi^si  4-  noxLox  =  Ap/2,  where  nsi  and  nox 
are  the  effective  refractive  indexes  of  the  Si  and  Si02  re- 
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Fig.  6.  TEoo  mode  distribution  in  the  cavity  for  lVpjn  =  8  (im,  hT\b  =  0.45  /ira,  tt’rib  =::  1-5  /*m,  and  hA  =  1.5  /im. 


gions,  respectively,  and  Ap  =  1.55  /tin.  In  particular,  we  chose 
Lsi  -  l60nmandLOx  =  150  nm,  which  lead  to  an  optical  path 
n oxLox  smaller  than  ns,L$i  in  order  to  minimize  diffraction 
losses.  The  calculated  reflectivity  spectrum  for  the  TE0o  mode 
of  a  6  Si/SiCb-period  DBR  indicated  a  stopband  of  ~800  nm 
and  a  maximum  reflectivity  of  98.7%  (transmittivity  =  0.57% 
and  diffraction  losses  =  0.13%). 

The  modulation  depth  (M)  is  defined  as 


7min  __  Pqff  -  Tqn 
Tma\  .  ^OFF 


(3) 


where  TmaX(min)  is  the  maximum(minimum)  transmittivity, 
i.e.,  the  ratio  between  the  otitput  in  the  OFF(ON)  state  and  the 
input  power  Poff  is  the  output  optical  power  from  the  device 
when  there  is  no  ffee-carrier  injection  (OFF  condition),  and  Pon 
is  the  output  optical  power  from  the  modulator  when  plasma 
injection  occurs  into  the  cavity  (ON  condition).  Hereafter, 
the  maximum  transmittivity  will  be  called  just  transmitivitty 
(T).  The  output  optical  power  is  calculated  at  Ap  =  1.55  (i m 
(probe  wavelength),  which  corresponds  to  a  cavity  resonance 
wavelength  in  the  OFF  condition.  Table  III  shows  the  full-width 
at  half-maximum  (FWHM)  of  the  spectral  intensity  (AA) 
of  the  resonance  peak  at  1.55  /im,  modulation  depth  (M), 
transmittivity  (T),  and  dc  dissipated  power  (Pfjc)  for  different 
cavity  lengths  and  number  of  DBR  periods.  A  refractive- index 
change  in  the  cavity  of  An  =  -10“3  is  assumed.  It  is  seen 
that  I )  the  modulation  depth  increases  and  2)  the  transmittivity 
decreases  as  the  number  of  periods  is  increased  for  a  given 
cavity  length.  The  first  is  due  to  the. increase  of  the  resonance 
peak  sharpness  (a  decrease  of  AA)  as  a  consequence  of  the 
increase  of  the  DBR’s  reflectivity.  The  second  is  originated  by 
the  increase  of  the  diffraction  losses.  The  relation  modulation 
depth  transmittivity  is  illustrated  in  Fig.  7,  which  shows  the 
transmission  characteristics  of  the  device  in  the  ON  and  OFF 
state  for  an  80(Ap/2nsi)-long  cavity  with  three-period  and 
four-period  DBRs.  Intensity  attenuation  due  to  the  injected 
carriers  in  the  ON  state  (a  =  4.35  cm-1)  is  observed.  Although 
the  use  of  a  specific  configuration  may  depend  on  the  specific 
application,  a  good  tradeoff  between  modulation  depth  (80%) 


TABLE  III 

Transmission  Characteristics  of  the  Si  Electrooptic  Modulator  for 
a  Refractive-Index  Change  rN  the  Cavity  An  =  -10~3,  TE00  Optical 
Mode,  L  si  =  160  nm,  Lox  =  150  nm,  and  Probe  Wavelength 
Ap  =  1.55  /im:  FWHM  of  the  Resonance  Peak  (AA),  Modulation 

DEPTH  (M),  T RANSMITTIV1TY  ( T ),  AND  dc  DISSIPATED  POWER  (Pdc)  FOR 

Various  Cavity  Lengths  and  Number  of  Periods  of  the  DBRs 


Lav  (am) 

periods 

AA  (nm) 

M  (%) 

T  (%) 

PdcUiW) 

5.684 

(25Ap/2n$i) 

3 

1.275 

27.6 

86.3 

7.8 

4 

0.396 

82.3 

59.3 

5 

0.170 

93.8 

21.4 

9.074 

(40y2nsi) 

3 

0.807 

50.3 

86.3 

12.3 

4 

0.251 

89.8 

59.3 

5 

0.108 

98.4 

21.4 

18.117 

(80Ap/2nsi) 

3 

0.408 

80.8 

86.3 

24.5 

4 

0.127 

97.7 

59.3 

5 

0.055 

99.6 

21.4 

22.638 

3 

0.327 

86.8 

86.3 

30.6 

(100Ap/2nsi) 

4 

0.102 

98.5 

59.3 

5 

0.044 

99.7 

21.4 

and  transmittivity  (86%)  is  obtained  for  a  ~  18  -  /im-Iong 
cavity  with  three-period  DBRs,  which  represents  a  total  device 
length  of  ~  20  /im.  It  must  be  noted  the  low  values  of  the 
electrical  power  shown  in  Table  III  as  well  as  the  small  refrac¬ 
tive-index  change  in  the  cavity  (0.1%)  required  to  achieve  high 
modulation  depths. 

The  feasibility  of  producing  high-aspect-ratio  trenches  on 
SOI  with  high  verticality  has  been  demonstrated  by  other 
authors  [34],  [35].  Nevertheless,  deviations  from  the  con¬ 
sidered  dimensions  of  the  optical  structure  (length  of  the 
DBRs  and  cavity)  due  to  fabrication  tolerances  may  affect 
the  predicted  device  performance.  We  estimated  the  effect  of 
fabrication  errors  on  the  spectral  transmittance  by  calculating 
the  transmittivity  spectra  for  different  length  deviations  of 
the  structure  using  the  effective-index  method  together  with 
the  TMM,  and  calculating  their  average.  Fig.  8  shows  the 
calculated  spectral  transmittivity  for  the  case  considered  in 
Fig.  7  (three-period  DBR)  for  a  maximum  length  deviation  of 
20  nm  (that  is,  L$\  =  160  db  10  nm,  Lox  =  150  ±  10  nm,  and 
Lcav  =  18.097  ±  0.010  /xm),  10  nm,  and  5  nm.  The  length 
deviation  of  the  DBR  and  cavity  was  assumed  to  be  the  same 
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Fig.  7.  Spectral  transmittance  for  the  TE0o  optical  mode  of  the  simulated 
Si  modulator  in  the  OFF  (An  =  0)  and  ON  (An  =  — 10“3)  states  for  a 
three-period  DBR  device  and  a  four-period  DBR  device.  In  both  cases,  the 
length  of  the  cavity  is  80(Ap/2«sj)  =r  18.1  //m.  The  circles  and  squares 
illustrate  the  modulation  depth  at  Ap  =  1.55  /tm  for  the  three-period  and 
four-period  device,  respectively. 


Fig.  8.  Effect  of  length  deviations  of  the  DBR  regions  and  cavity  on 
the  spectral  transmittance  with  respect  to  the  ideal  case  shown  in  Fig.  7 
(three-period  DBR).  Maximum  deviations  (dev)  of  20,  10,  and  5  nm  are 
considered.  The  OFF  (An  =  0)  and  ON  (An  =  — 10  ~3)  states  are  indicated 
by  solid  and  dashed  lines,  respectively. 

and  the  period  of  the  DBR  constant.  It  is  seen  that  the  resonance 
peak  shape  becomes  degraded  as  the  length  deviation  increases. 
This  is  mainly  due  to  the  variations  of  the  cavity  length,  which 
shift  the  resonance  wavelength  for  each  length  component, 
broadening  the  averaged  resonance  peak.  As  a  consequence, 
the  transmitivitty  is  considerably  reduced  as  compared  to  the 
ideal  case  (see  Fig.  7  for  three-period  DBR).  It  is  also  observed 
that  high  modulation  depths  can  still  be  achieved  (~72%  at 
l.5508-//.m  wavelength  for  a  20-nm-length  deviation).  Our 
simulations  showed  that  if  the  considered  length  variations 
occur  only  in  the  DBR  regions,  the  transmission  spectrum  is 
not  significantly  affected  with  respect  to  the  ideal  case. 


V.  Summary  and  Conclusion 

We  have  analyzed  the  performance  of  a  new  planar  silicon 
EOM  based  on  an  F-P  microcavity  by  deep  high-index-con- 
trast  Si/Si02  Bragg  reflectors  and  confinement  of  free-carrier 
plasma  dispersion  in  an  SOI  rib  waveguide.  Free-carrier  con¬ 
centration  change  in  the  cavity  region  produced  by  an  integrated 
lateral  p-i-n  diode  induces  a  refractive-index  change  that  mod¬ 
ulates  the  output  power  at  a  1.55-^m  wavelength.  Deep  lateral 
trenches  in  the  p-i-n/cavity  region  laterally  confine  the  injected 
carriers  into  the  cavity.  Deep  Si/Si02  DBRs  confine  longitudi¬ 
nally  1)  the  free  carriers  and  2)  the  optical  field  into  the  cavity 
region.  The  device  has  been  analyzed  by  using  electrical  and  op¬ 
tical  models. 

Our  analysis  shows  that  a  distance  of  Wpin  =  8  jxm  between 
the  cavity  lateral  trenches  permits  minimization  of  a)  the  dc  elec¬ 
trical  power  and  switching  time  of  the  device  and  b)  the  mode 
mismatch  between  the  cavity  and  the  DBRs.  Electrical  passiva¬ 
tion  of  the  cavity  surfaces  with  thermal  Si02  ( Sp  —  Sn  =  102 
cm/s)  is  predicted  to  reduce  the  leakage  current  due  to  surface 
recombination  by  70%  as  compared  with  a  nonpassivated  sur¬ 
face  cavity  (Sp  =  Sn  =  105  cm/s),  without  significantly  af¬ 
fecting  the  injection  carrier  concentration  as  compared  with  the 
case  of  no  surface  recombination  ( Sp  =  Sn  =  0  cm/s).  Diffrac¬ 
tion  is  found  to  be  the  main  cause  of  optical  power  losses  in  our 
device  for  An  =  -10-3  in  the  cavity.  Calculations  show  that 
a  tradeoff  between  modulation  depth  and  transmittivity  of  the 
device  must  be  considered. 

A  20-/im-long  device  with  Sp  =  Sn  =  102  cm/s,  Wpm  - 
8  fim,  and  electrical  contacts  acting  as  heat  sinks  is  predicted 
to  exhibit  ~80%  of  modulation  depth  with  a  transmittivity  of 
~86%  at  1 .55-/xm  operation  wavelength  by  using  ~  25  /xW  of 
electrical  power  and  a  drive  current  density  of  1 16  A/cm2  under 
dc  operation,  leading  to  an  increase  of  the  device  temperature 
<  iO“2K.  The  switching  speed  of  this  device  is  calculated  to 
be  ~  16  ns  for  Vqn  =  0.87  V  and  Voff  =  -5  V,  with  no 
significant  thermooptic  effect.  To  our  knowledge,  the  estimated 
dc  power  consumption  for  this  device  is  at  least  one  order  of 
magnitude  smaller  than  the  smallest  reported  (theoretical)  value 
[20].  These  characteristics  reveal  the  benefits  of  confining  both 
the  optical  field  and  the  injection  carriers  in  the  cavity  region 
in  order  to  improve  the  EOM  performance  in  terms  of  power 
consumption,  current  density,  device  length,  and  modulation 
depth.  Si  CMOS  process  compatibility  makes  this  device  very 
promising  for  low-cost  and  low-power  silicon-based  integrated 
photonic  systems  on  a  chip  (PSOC)  for  low-frequency  applica¬ 
tions,  such  as  LANs,  fiber-to-home  return  links,  interconnects, 
and  sensor  systems  for  chemical  and  biochemical  applications. 
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Abstract — We  demonstrate  a  20-/nm-long  tunable  optica! 
resonator  integrated  on  a  silicon-on-insulator  waveguide.  The 
microresonator  consists  of  a  planar  Fabry-Perot  microcavity 
defined  by  deep  Si/Si02  Bragg  reflectors  with  a  high  finesse  of 
11.2.  The  device  is  electrically  driven  and  shows  a  modulation 
depth  as  high  as  53%  for  a  power  consumption  of  only  20  mW. 

Index  Terms — Bragg  reflector,  Fabry-Perot  (F-P)  cavity,  inte¬ 
grated  optics,  optical  modulator,  silicon  optoelectronics. 


I.  Introduction 

ILICON-BASED  optical  tunable  (or  active)  devices,  such 
as  modulators,  switches,  and  variable  attenuators  working 
at  1.3  and  I.55-//m  fiber-optic  communications-wavelengths 
are  key  components  for  the  realization  of  Si  CMOS  optoelec¬ 
tronic  circuits  for  applications  such  as  fiber-to-home  and  local 
area  networks  [1].  Since  crystalline  Si  does  not  exhibit  linear 
electro-optic  (Pockels)  effect,  Si  active  devices  use  either  the 
thermooptic  effect  [2]  or  the  free-carrier  plasma  dispersion 
effect  to  change  the  refractive  index  of  Si  and  to  produce  a 
phase  modulation.  Typical  changes  of  the  refractive  index  due 
to  these  effects  are  small  (on  the  order  of  10-3).  Therefore, 
optical  structures  such  as  Mach-Zehnder  interferometers  [3], 
directional  couplers  |4],  and  low  finesse  Fabry-Perott  (F-P) 
cavities  (2],  (5|,  which  transform  the  phase  modulation  into  an 
intensity  modulation,  require  long  interaction  lengths  and  high 
power  consumption  in  order  to  achieve  significant  modulation 
depths.  These  long  lengths  and  high  powers  are  undesirable  in 
order  to  achieve  high  levels  of  integration. 

High  finesse  microcavities  are  very  attractive  for  imple¬ 
menting  active  optical  devices  in  a  short  length  since  the 
transmission  close  to  their  resonance  wavelengths  is  highly 
sensitive  to  small  index  changes  in  the  cavity  [6].  In  addition, 
since  the  refractive  index  variation  may  be  achieved  only  in  the 
microcavity  region,  the  modulating  power  (for  either  heating 
or  changing  the  free  carrier  concentration)  required  to  produce 
the  desired  phase  change  can  be  made  very  small. 

In  this  letter,  we  report  on  the  fabrication  and  characteriza¬ 
tion  of  a  20-/im-!ong  tunable  F-P  cavity  on  silicon-on-insulator 
(SOI).  The  F-P  microcavity  is  defined  on  a  rib  waveguide  by 
deep  etched  Si/Si02  distributed  Bragg  reflectors  (DBRs).  The 
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Fig.  1.  Planar  tunable  F-P  microcavity  with  deep  Bragg  reflectors  and  a  p-i-n 
diode  integrated  on  a  single-mode  SOI  rib  waveguide. 

use  of  deep  DBRs  increases  significantly  the  reflectivity  of  the 
mirrors  as  compared  with  previous  works  [2],  [5]  and,  therefore, 
the  finesse  of  the  cavity.  The  discussed  structure  is  based  on  a 
p-i-n  junction.  As  we  showed  theoretically  in  [6],  such  a  config¬ 
uration  is  expected  to  exhibit  a  very  high  modulation  depth  due 
to  the  electro-optic  (plasma  dispersion)  effect.  Here,  we  show 
experimentally  that  surface  recombination  induces  a  thermal 
modulation  mechanism  that  dominates  over  the  electro-optic  ef¬ 
fect.  Most  of  the  previously  reported  modulators  based  on  the 
thermooptic  effect  are  usually  rather  slow  and/or  require  signif¬ 
icant  power  consumption  [2],  In  this  work,  however,  we  demon¬ 
strate  that  due  to  the  high  finesse  of  the  F-P  cavity,  significant 
modulation  depth  can  be  achieved  using  a  drive  power  as  low  as 
20  mW. 

II.  Device  Structure  and  Fabrication 

Fig.  I  shows  a  schematic  of  the  device  [6].  It  was  fabricatdon 
an  SOI  wafer  with  a  1 .5-/xm-thick  undoped  Si  layer  and  a  1 
m-thick  buried  oxide  (BOX)  layer.  DBRs  and  isolation  trenches 
were  patterned  by  electron-beam  (EB)  lithography  and  etched 
by  CI2  -based  reactive  ion  etching  (RIE)  down  to  the  BOX 
layer  using  S1O2  as  a  mask.  The  DBR  period  and  length  of 
the  trenches  were  ~311  nm  and  ~173  nm,  respectively.  Si02 
was  thermally  grown  to  passivate  the  etched  Si  surfaces.  The 
trenches  were  filled  with  Si02  by  using  low-pressure  chem¬ 
ical  vapor  deposition.  The  rib  waveguide  was  defined  by  pho¬ 
tolithography  and  etched  by  CF4 -based  RIE  using  photoresist 
as  a  mask.  The  height  and  width  of  the  rib  were  ~0.43  and 
~1  /im,  respectively.  Si02  was  thermally  grown  for  surface  pas¬ 
sivation  of  the  rib  sidewalls.  Then,  a  l-/xm-thick  S1O2  cladding 
layer  was  deposited  by  plasma-enhanced  chemical  vapor  depo¬ 
sition.  Rectangular  openings  in  the  Si02  cladding  layer  were 
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Fig.  2.  Top  view  SEM  photograph  of  a  DBR  and  an  isolation  trench  of  the 
fabricated  device. 

made  by  EB  lithography  and  CHF3 -based  RIE  for  defining  the 
doped  regions  shown  in  Fig.  I .  Shallow  n+  and  p+  regions  were 
created  by  ion  implantation  of  As  and  BF2,  respectively.  Ti  and 
A1  were  deposited  to  form  ohmic  contacts  and  contact  pads, 
respectively.  Finally,  the  chip  was  cleaved,  and  the  input  and 
output  facets  were  mechanically  polished.  Fig.  2  shows  a  scan¬ 
ning  electron  microscope  (SEM)  photograph  of  the  planar  F-P 
microcavity  before  doping. 


III.  Results  and  Discussion 

Transmission  experiments  were  performed  by  using  a 
tunable  la.ser  ( 1520-1620  nm)  as  the  input  optical  source.  The 
probe  beam  was  coupled  directly  into  the  rib  waveguides  by 
using  a  tapered-lensed  fiber,  collected  by  an  output  lens,  and 
recorded  by  a  photodetector.  All  the  transmission  experiments 
were  made  under  transverse  electric  (TE)  polarization.  For 
the  sake  of  normalization  and  waveguide  loss  evaluation,  the 
transmitted  power  of  a  waveguide  without  any  device  was  also 
measured. 

Waveguide  losses  were  evaluated  by  employing  the  F-P  tech¬ 
nique.  Assuming  a  reflectivity  of  0.3  at  the  Si/air  interfaces,  the 
measured  losses  in  the  rib  waveguide  for  the  TE-Iike  polarized 
light  were  22  dB/cm  at  ~  1.553  /x m  wavelength.  We  attribute  this 
to  scattering  losses  due  to  surface  roughness  of  the  rib  sidewalls 
produced  by  the  etching  that,  as  indicated  in  [7],  are  significant 
for  small  rib  widths.  The  coupling  efficiency  between  the  wave¬ 
guide  and  the  tapered-lensed  fiber  was  measured  to  be  around 
8%.  A  theoretical  coupling  efficiency  (integral  overlap  between 
the  waveguide  and  fiber  modes)  of  20%  was  calculated  by  the 
beam  propagation  method  (BPM).  The  discrepancy  between  the 
experimental  and  theoretical  values  may  arise  from  facet  pol¬ 
ishing  imperfections  and  fiber-waveguide  alignment  deviations. 
A  fiber-to-waveguide  tapered  coupler  similar  to  that  reported  in 
could  be  used  to  improve  the  coupling  efficiency. 

Fig.  3  (solid  line)  shows  the  transmission  spectrum  of  the  fab¬ 
ricated  microcavity  over  the  1520-1600-nm  wavelength  range. 
The  full  width  at  half  maximum  (FWHM)  of  the  resonance 
peak  at  Ap  ~  1.553  \x m  is  1.54  nm.  This  represents  a  finesse, 
which  is  defined  as  the  ratio  between  the  full  spectral  range  and 
the  FWHM,  of  11.2.  A  theoretical  curve  obtained  by  using  a 
model  described  in  [6]  is  also  shown  in  Fig.  3  (dashed  line).  In 


507 

16  1 - - - 1 - ' - 1 - * - 1 - - - 1 


U  |™"=i - T - r— j - , - - - \ - - - 1 

1520  1  540  Probe  1560  1500  1600 

Wavelength  (nm) 


Fig.  3.  Experimental  (solid  line)  and  calculated  (dashed  line)  transmission 
spectra  of  the  F-P  microcavity  for  the  fundamental  TE-like  mode  in  the 
1520-1600-nm  wavelength  range. 

this  model,  we  include  the  experimental  cavity  internal  loss  of 
0.04  dB  [22  dB/cm  (waveguide  loss)  x  18.12  x  10“4  cm  (cavity 
length)].  A  fitting  parameter  that  models  the  scattering  losses  in 
the  DBRs  was  introduced.  From  comparison  with  the  experi¬ 
mental  spectrum,  we  estimate  the  scattering  losses  in  the  DBRs 
to  be  7  dB.  These  are  much  higher  than  those  in  the  waveguide 
due  to  the  larger  area  of  the  etched  surfaces  that  form  the  DBRs. 
One  can  see  good  fit  around  the  considered  resonance  peak  Ap 
between  the  experimental  and  calculated  curves.  If  the  cavity 
internal  losses  are  neglected  and  the  DBRs  are  assumed  to  be 
scattering  lossless,  the  theoretical  analysis  revealed  FWHM  and 
finesse  values  of  0.33  nm  and  57.3,  respectively. 

The  transient  optical  characteristics  of  the  fabricated  device 
were  studied  by  applying  an  electrical  pulse  of  100  Hz  and 
a  50%  duty  cycle.  We  measured  rise  and  fall  times  of  1.05 
and  1.19  ms,  respectively,  of  the  output  optical  power  at  A  = 
1552.89  nm  and  a  drive  current  pulse  (I)  of  5.4  mA.  A  red-shift 
of  the  transmission  spectrum  of  the  biased  device  was  also  ob¬ 
served.  This  is  a  known  signature  of  a  thermooptic  effect  in  Si 
(positive  thermooptic  coefficient  [2]).  We  did  not  observe  any 
effect  on  the  output  optical  signal  that  could  be  attributed  to 
dominating  free  carrier  plasma  dispersion.  This  may  be  due  to 
the  high  sensitivity  of  the  device  to  surface  passivation  [6].  High 
surface  recombination  may  reduce  significantly  the  total  carrier 
lifetime,  increasing  the  needed  drive  current  to  inject  a  signif¬ 
icant  amount  of  carriers.  Thus,  by  increasing  the  current,  the 
power  dissipated  in  the  series  resistance  of  the  p-i-n  is  increased, 
resulting  in  the  heating  of  the  cavity  and  leading  to  the  strong 
thermooptic  modulation  effect.  An  improved  surface  passiva¬ 
tion  should  enable  modulation  due  to  free-carrier  dispersion  ef¬ 
fect  [6].  The  transient  response  exhibited  by  our  device  make  it 
suitable  to  be  used  as  a  variable  optical  attenuator  or  as  a  modu¬ 
lator  for  low-frequency  applications  such  as  home  and  consumer 
appliances  and  remote  environmental  sensors. 

Fig.  4  (squares)  shows  the  measured  modulation  depth  (M) 
of  the  device  at  a  probe  wavelength  (Apb)  of  1552.89  nm  as  a 
function  of  the  dissipated  power  (Pd).  M  is  defined  as  (Poff  - 
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Fig.  4.  Experimental  (square  dots)  and  calculated  (triangular  dots)  modulation 
depth  of  the  studied  device  at  APh  =  1552.89  nm  as  a  function  of  the  dissipated 
power  The  calculated  modulation  depth  of  a  similar  device  with  negligible 
scattering  losses  is  shown  in  circular  dots. 

Pon)/Poff,  where  Poff  and  Pon  are  the  transmitted  optical 
powers  in  the  OFF  (I  =  0)  and  ON  (I  ^  0)  states,  respectively.  A 
maximum  modulation  depth  of  53%  is  obtained  at  Pd  =  20  mW 
(I  =  5.4  mA).  This  dissipated  power  is  two  orders  of  magnitude 
smaller  than  that  reported  for  longer  F-P  cavity  devices  for  a 
similar  modulation  depth  [2],  [5].  The  small  value  of  the  power 
consumption  should  be  attributed  to  the  small  size  and  high  fi¬ 
nesse  of  our  F-P  microcavity. 

The  dependence  of  the  change  in  index  with  temperature 
An0ff/AT  provides  an  indication  of  the  relative  contributions 
of  the  free-carrier  effect  and  the  thermal  effect  to  the  modu¬ 
lation  of  the  signal.  This  dependence  can  be  estimated  from 
a)  the  change  in  effective  index  as  a  function  of  the  dissipated 
power  and  b)  the  temperature  change  for  a  given  drive  power, 
a)  The  change  in  effective  index  as  a  function  of  the  dissipated 
power  is  obtained  from  the  wavelength  shift  (AA)  for  a 
given  modulation  depth  (see  Fig.  3).  The  change  in  effective 
index  (An0ff)  is  then  given  by  (Ancff/ncff)  =  (AA/Apb), 
where  neff  (=3.3746)  is  the  effective  refractive  index  of  the 
fundamental  TE-like  mode  of  the  rib  waveguide  calculated 
by  the  BPM,  and  Apb  =  1552.89  nm.  b)  The  temperature 
change  (AT)  for  a  given  drive  power  is  obtained  by  using 
a  one-dimensional  approximation,  assuming  that  heat  in  the 
cavity  is  conducted  to  the  surrounding  Si  through  the  isolation 
Si02  regions 

AT  —  i?t h Pd  —  KSiQ iSj  ,  ttsi02  5B0X  I  KSioaSpDft  ^ 

2 Lt  Ldox  2Ldor 

where  Rt]1  is  the  equivalent  thermal  resistance  of  the  SiC>2  re¬ 
gions,  N>si02  is  the  thermal  conductivity  of  SiC>2  (1.4  Wm-1 
K~ l),  St.  is  the  area  of  the  cavity  surface  in  contact  to  a  lateral 
isolation  trench  Lt  is  the  length  of  a  lateral  trench,  Sbox  is  the 
area  of  the  cavity  in  contact  to  the  BOX  layer,  Lbox  is  the  thick¬ 
ness  of  the  BOX  layer,  Sdbr  is  the  area  of  the  cavity  surface 
in  contact  to  a  DBR,  and  LDbr  is  the  length  of  a  DBR.  Here, 
we  assume  that  under  de  conditions,  the  temperature  is  uniform 
through  the  whole  cavity  due  to  the  high  thermal  conductivity 


of  Si.  From  a)  and  b),  we  obtain  a  linear  dependence  of  Ancff 
with  AT  with  a  slope  of  +8.7  x  10~5  K"1 .  This  dependence  is 
significantly  smaller  than  the  reported  thermooptic  coefficient 
of  Si  (+1.86  x  10“4  K_1  [2])  and  may  be  due  to  the  existence 
of  free-carrier  dispersion  effect,  which  opposes  the  thermooptic 
effect. 

In  Fig.  4,  we  show  the  calculated  modulation  depth,  using  the 
estimated  Aneff/AT,  of  the  fabricated  device  (triangular  dots) 
at  Apb  =  1552.89  nm  as  a  function  of  the  dissipated  power 
and  considering  the  estimated  scattering  losses  of  7  dB.  The 
calculated  modulation  depth  of  a  similar  device  with  negligible 
scattering  losses  is  also  shown  (circular  dots).  One  can  see  that  if 
the  scattering  losses  in  the  device  are  lowered,  the  modulation 
depth  is  expected  to  increase  to  80%  for  Pa  =  20  mW.  This 
modulation  can  be  further  increased  using  a  top  metal  heater, 
as  employed  in  conventional  thermooptic  devices  [8],  to  avoid  a 
competing  plasma  dispersion  effect  and  decrease  the  dissipated 
power  and  the  transient  response  of  the  device. 

IV.  Conclusion 

We  demonstrate  a  20-/xm-long  electrically  driven  active 
planar  F-P  microcavity  on  Si.  The  microresonator,  which  is 
defined  by  high-aspect-ratio  Si/SiC>2  DBRs,  has  a  high  finesse 
of  1 1 .2.  A  p-i-n  configuration  is  used  to  inject  current  into  the 
cavity  region.  We  show  that  the  effective  index  of  refraction 
in  the  cavity  is  modified  due  to  a  thermooptic  effect.  Due  to 
the  high  finesse  of  the  cavity,  the  device  shows  a  modulation 
depth  of  53%  for  a  dissipated  power  of  only  20  mW.  If  the 
scattering  losses  in  the  device  are  reduced,  the  modulation 
depth  is  expected  to  reach  80%  for  the  same  power  dissipation. 
Micron  size  and  low  power  consumption  make  this  device  very 
promising  for  use  in  Si-based  integrated  photonic  systems  on 
a  chip  (PSOC). 
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Photonic  circuits,  in  which  beams  of  light  redirect  the  flow  of 
other  beams  of  light,  are  a  long-standing  goal  for  developing 
highly  integrated  optical  communication  components1-3. 
Furthermore,  it  is  highly  desirable  to  use  silicon— the  dominant 
material  in  the  microelectronic  industry— as  the  platform  for 
such  circuits.  Photonic  structures  that  bend,  split,  couple  and 
filter  light  have  recently  been  demonstrated  in  silicon4*5,  but  the 
flow  of  light  in  these  structures  is  predetermined  and  cannot  be 
readily  modulated  during  operation.  All-optical  switches  and 
modulators  have  been  demonstrated  with  III— V  compound  semi¬ 
conductors'17,  but  achieving  the  same  in  silicon  is  challenging 
owing  to  its  relatively  weak  nonlinear  optical  properties.  Indeed, 
all-optical  switching  in  silicon  has  only  been  achieved  by  using 
extremely  high  powers**-**  in  large  or  non-planar  structures, 
where  the  modulated  light  is  propagating  out-of-plane.  Such 
high  powers,  large  dimensions  and  non-planar  geometries  are 
inappropriate  for  effective  on-chip  integration.  Here  we  present 
the  experimental  demonstration  of  fast  all-optical  switching  on 
silicon  using  highly  light-confining  structures  to  enhance  the 
sensitivity  of  light  to  small  changes  in  refractive  index.  The 
transmission  of  the  structure  can  be  modulated  by  up  to  94% 
in  less  than  500  ps  using  light  pulses  with  energies  as  low  as  25  pj. 
These  results  confirm  the  recent  theoretical  prediction16  of 
efficient  optical  switching  in  silicon  using  resonant  structures. 

The  difficulty  of  modulating  light  using  silicon  structures  arises 
from  the  weak  dependence  of  the  refractive  index  and  absorption 
coefficient  on  the  free-carrier  concentration'7.  For  example,  for  a 
300- tun -long  1.55-pm  Mach-Zehnder  modulator  based  on  rib 
waveguides  with  a  mode-field  diameter  of  about  5  pm,  a  minimum 
optical  pump  pulse  energy  of  2  mj  is  needed  to  modify  the  real  part 
of  the  refractive  index  by  An  =  —  10  3  in  order  to  achieve  100% 
modulation1**.  The  absorption  due  to  free  carriers  under  such  high 
powers  is  also  small  (16dBcm"’  for  a  waveguide  of  rectangular 
cross-section,  450 nm  wide  and  250 nm  high),  which  demands  a 
straight  waveguide  as  long  as  600  pm  in  order  to  achieve  a  modu¬ 
lation  depth  of  90%  (refs  11,  19).  Liu  et  air 0  have  recently  demon¬ 
strated  a  high-speed  silicon  optical  modulator  based  on  a  MOS 
(metal-oxide-semiconductor)  configuration;  this  modulator  was 
the  first  high-speed  optical  active  device  on  silicon— a  critical 
stepping-stone  towards  an  all- integrated  silicon  optical  chip.  How¬ 
ever,  owing  to  the  weak  dependence  of  the  silicon  refractive  index  on 
the  free-carrier  concentration,  the  devices  in  ref.  20  have  relatively 
large  lengths  (of  the  order  of  millimetres). 

To  overcome  the  aforementioned  limitations  of  silicon  photonic 
stmilures.  we  have  recently  proposed  the  use  of  highly  confined 
resonant  structures  tor  low-power  light  modulation  by  enhancing 
the  ctkxi  i)t  retractive  index  change  on  the  transmission  response1'. 
The  results  indicate  that  a  refractive  index  change  as  small  as  10 
can  induce  a  large  modulation  depth  of  80%  in  a  compact  20-pm- 
long  structure.  On  the  basis  of  these  theoretical  predictions,  we 
present  experimental  results  on  an  all-optical  gate  based  on  a  silicon 
micrometre- size  planar  ring  resonator,  which  operates  with  low 
pump -pulse  energies. 

The  transmission  of  a  ring  resonator,  coupled  to  a  waveguide,  is 
highly  sensitive  to  the  signal  wavelength,  and  is  greatly  reduced  at 
wavelengths  at  which  the  ring  circumference  corresponds  to  an 


integral  number  of  guided  wavelengths.  Figure  1  shows  a  silicon-on-  I 
insulator  (SOI)  ring  resonator  with  lOfim  diameter,  patterned  by 
electron-beam  lithography  and  subsequently  etched  by  inductively- 
coupled-plasma  reactive  ion  etching-1.  Both  the  silicon  waveguide 
and  the  ring  resonator  are  channel  waveguides  with  450-nm-wide 
by  250-nm-high  rectangular  cross-sections.  The  Smart  Cut  SOI  j 
wafer  used  has  a  buried  3~pm-thick  oxide  layer.  Figure  2  shows  the  • 
quasi-TM  transmitted  spectral  response  of  the  structure  in  Fig.  1. 
The  quasi-TM  mode  is  characterized  by  the  magnetic  field  being 
oriented  predominantly  along  the  plane  of  the  chip.  We  see  that  on- 
resonance  the  transmitted  power  drops  by  more  than  lOdB  with 
respect  to  that  off- resonance.  The  losses  at  off-resonance  wave¬ 
lengths  are  3.5  dB,  which  include  the  fibre-to-vvaveguide  coupling 
losses  and  the  propagation  losses  in  the  7-mm-long  waveguide. 

By  tuning  the  effective  index  of  the  ring  waveguide,  the  resonance 
wavelength  is  modified,  which  induces  a  strong  modulation  of  the 
transmitted  signal.  Here  we  use  10-ps  pump  pulses  to  inject  free 
carriers  through  two-photon  absorption  inside  the  ring  resonator*, 
thereby  tuning  its  effective  refractive  index.  The  probe  and 
pump  beam  wavelengths  are  centred  around  two  adjacent  reson¬ 
ances  of  the  ring  resonator,  Arcsl  —  1,535.6  and  \rcs2  =  1,555.5  nm 
(Fig.  2),  respectively.  The  cavity  quality- factor  values  for  these 
resonances  are,  respectively,  Qr«i  **  Arcst/AAFWHMi  =  3,410  and 
Qtcs2  ~  ArtfS2 / A Apwhm 2  =  2,290,  where  AApwhmi  =  0.45  nm  and 
AAFwhm2  =  0.68  nm  are  the  full-width-at-half-maximum 
resonance  bandwidths;  these  correspond  to  cavity  photon 
lifetimes  of  TCiVl  =  AJwI/(2itcAAfwhmi)  =  L8ps  and  rcaV2=| 
A“,0/(2TrcAAr.-wnM2)  =  2.8ps.  respectively,  where  c  is  the  speed  | 
of  light  in  vacuum"".  Thus,  despite  the  resonant  nature  of  the 
structure,  the  temporal  response  of  this  ultra-small  optical  gate 
can  theoretically  be  as  short  as  a  few  picoseconds. 

The  laser  source  for  the  pump  is  a  tunable  mode-locked  optical 
parametric  oscillator,  which  in  turn  is  pumped  by  a  Ti:sapphire 
picosecond  laser  at  a  78- MHz  repetition  rate.  The  optical  para¬ 
metric  oscillator  generates  1.5-ps  pulses  that  pass  through  a  Fabry- 
Perot  tunable  filter  (AAFWhm  =  0.37  nm)  in  order  to  produce  the 
pump  beam,  which  comprises  10-ps  pulses  with  energy  of  less  than 
25  pj  coupled  to  the  silicon  waveguide  input.  A  tunable  continuous- 
wave  laser  provides  the  probe  signal.  Both  pump  and  probe  beams 
are  set  to  be  linearly  polarized  (quasi-TM)  by  use  of  independent 
polarization  controllers.  The  pump  and  probe  beams  are  combined 
by  directional  couplers,  and  coupled  into  the  silicon  waveguide  by 
an  external  tapered-lensed  fibre  and  an  on-chip  fibre- to-waveguide 
nanotaper  coupler21.  The  transmitted  probe  signal  is  coupled  into  a 
collimator,  and  separated  from  the  transmitted  pump  light  through 
a  band-pass  tunable  grating  filter  (AAFWhm  =  1.4  nm).  The  probe 
signal  is  detected  by  a  high-speed  DC-12  GHz  photodetector  with  a 


Figure  1  Scanning  electron  micrograph  showing  the  top  view  of  a  ring  resonator  coupled 
to  a  waveguide  Inset  shows  the  whole  ring  structure 
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nominal  lall/risc  time  of  30  ps.  A  JtU-GHz  digital  sampling  oscilio- 
sinpe  iv  used  tr>  record  the  probe  signal 

The  temporal  responses  of  the  transmitted  probe  signals  are 
shown  in  Fig.  3  for  two  distinct  probe  wavelengths  around  A rcs i : 
A |)r,,|)L. i  =  1 ,535.2  nm  (below  resonance)  and  A pioi>c2  =  1,535.6  nm 
(on  resonance).  These  probe  wavelengths  were  tuned  relative  to  the 
ring  resonance  in  order  to  maximize  the  modulation  depth  by 
setting  the  transmission  without  pump  to  high  and  low  levels, 
respectively.  An  important  figure-of- merit  for  switching  is  the 
modulation  depth  (MI)),  defined  as  MD  =  (/max  - 
where  /mJX  and  /min  are,  respectively,  the  maximum  and  minimum 
transmitted  probe  optical  power;  we  measured  MDproi>cl  =  94%  for 
MDproln’2  91%  fot  A prot>e2* 

By  assuming  an  instantaneous  spectral  shift  of  the  spectrum 
shown  in  Fig.  2,  followed  by  a  simple  exponential  decay  representing 
the  free- carrier  lifetime,  we  obtain  from  the  experimental  data  a 
wavelength  peak  shift  of  A  A  =  -0.36  nm  and  a  relaxation  time  of 
r,c  =  450  ps.  The  measured  free-carrier  lifetime,  much  shorter  than 
that  in  bulk  silicon,  is  not  a  fundamental  limit  on  the  speed;  it  is  due 
primarily  to  fast  recombination  mechanisms  on  the  unpassivated 
sidewalls  of  the  structures.  Bv  manipulating  the  degree  of  surface 
passivation  or  by  using  ion  implantation*4,  the  free-carrier  lifetime 
could  be  further  decreased;  in  this  approach,  using  a  pump  time- 
scale  much  shorter  than  the  free-carrier  lifetime,  the  pulse  energy 
required  for  operating  the  device  remains  unaltered  since  the 
switching  effect  occurs  before  the  recombination  process  becomes 
significant. 

The  wavelength  peak  shift  of  the  ring  resonator  corresponds  to  an 
effective  index  change  of  Anc —  -4.8  X  10"  \  or  equivalently  to  a 
refractive  index  change  in  the  silicon  core  of  A/isi  =  —5.2  X  10~ 
This  refractive  index  change  is  caused  by  a  free-carrier  concen¬ 
tration  of  AN  =  AP  =  1.6X  1017 cm "i.  The  free-carrier  concen¬ 
tration  generated  in  the  ring  resonator  is  proportional  to  the 
square  ol  the  circulating  peak  pump  power.  Taking  into  account 
the  volume  of  the  ring,  we  estimate  that  the  optical  pukse  energy 
absorbed  inside  the  ring  resonator  in  order  to  excite  such  a  free- 
carrier  concentration  is  only  0.15  pj.  The  remaining  pump  power, 
necessary  for  the  two-photon  absorption  effect,  is  scattered  from  the 
ring.  However,  this  energy  could  be  recycled  by  using  an  add/drop 
configuration,  where  an  additional  waveguide  is  added  symmetri¬ 
cally  adjacent  to  the  ring.  The  losses  due  to  the  probe  absorption2, 
estimated  from  free-carrier  concentration,  are  Aa  —  6.9  cm”1, 
significantly  lower  than  the  estimated  scattering  losses  in  the  ring 


Figure  2  Quasi-TM  transmission  spectrum  of  a  single-coupled  ring  resonator  in  the 
absence  of  Ihe  optical  pump.  Inset  shows  both  probe  wavelength  settings 
'A  -  i  .535.2  nm  and  A  t;f(jll,;;>  »  ’  .535.6  nm)  used  lor  characterizing  the  dynamic 
response  of  the  switch. 


resonator  of  a  nng  =  33.6  cm  ’.The  relatively  low  absorption  losses  ] 
indicate  that  the  observed  modulation  is  due  only  to  a  refractive 
index  change  and  that  thermal  effects  can  be  neglected.  This  is  of 
foremost  importance  for  the  application  of  the  proposed  device  as 
an  all-optical  gate,  enabling  near  100%  transmission  of  the  data 
signal  once  the  gate  is  open. 

The  device  demonstrated  in  the  present  work  could  be  used  as  a 
modulator,  switch  or  router,  with  a  time  response  as  low  as  lOOps. 
As  a  router,  the  device  could  route  nanosecond-long  data  for 
reconfigurable  optical  interconnects2*1.  For  such  applications,  an 
alternative  geometry  for  the  ring  resonator,  where  the  ring  is 
coupled  to  two  waveguides,  could  be  used*5.  In  this  geometry,  the 
incoming  data  and  the  control  signal  are  coupled  to  the  input  port 
of  the  first  waveguide  (which  contains  the  input  port  and  the 
through  port),  whereas  the  signal  output  is  routed  to  the  second 
waveguide  (the  drop  port).  The  device  could  switch  incoming  data 
to  either  the  drop  port  or  the  through  port,  depending  respectively 
on  the  presence  or  absence  of  a  control  pulse.  For  such  an 
application,  the  incoming  data  stream  would  be  tuned  to  one  of 
the  microring  resonances  and  a  control  signal  would  be  tuned  to  an 
adjacent  resonance,  as  was  done  in  this  work. 

In  order  to  minimize  the  effect  of  the  temperature  variations  on 
the  device  performance,  strain  in  the  silicon  waveguide  could  be 
used25,  introduced  in  the  fabrication  process  by,  for  example, 
controlling  the  overcladding  deposition  conditions2'1’.  The  intro¬ 
duced  strain  induces  a  decrease  of  the  refractive  index  with 
temperature,  which  counterbalances  the  thermo-optic  effect  in 
silicon2’. 

The  wavelength  sensitivity  of  the  device  could  be  decreased  by 
minimizing  the  size  of  the  ring  resonators,  which  would  result  in  a 
decrease  in  Q.  According  to  our  three-dimensional  finite-difference 
time-domain  simulations,  ring  resonators  with  radii  as  small  as 
0.9  pm  show  round-trip  bending  loss  of  less  than  0.5  dB  due  to  the 
high  index  contrast  nature  of  the  Si/Si02  platform;  this  is  supported 
by  recent  experimental  results27.  The  average  dissipated  pump 
powers  required  for  smaller  resonators  are  similar  to  those  required 
for  larger  resonators,  in  order  to  achieve  the  same  modulation  depth 
values.  This  is  because  although  a  larger  wavelength  shift  is  needed 
to  obtain  similar  modulation  depths  in  the  smaller  rings  (owing  to 
their  lower  Q),  less  pump-pulse  energy  is  needed  to  obtain  similar 
free-carrier  concentrations  (owing  to  their  smaller  volume). 

The  device  described  here  is  achieved  by  using  the  concept  of 
strong  light  confinement,  and  is  approximately  seven  orders  of 
magnitude  faster  than  available  silicon  optical  switches2**.  We  expect 


Pump  on 


Figure  3  Temporal  response  o!  the  probe  signal  to  (he  pump  excitation  Transmission  lor 
probe  wavelengths  below  resonance  {solid  line)  and  on  resonance  (dotted  line}  is  shown. 
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that  a  variety  of  existing  fabrication  methods  may  be  used  to  further 
improve  the  speed  of  the  proposed  device.  The  device  shown  here 
could  form  the  basis  for  ultra-high  routing  bandwidth,  by  using 
architectures  based  on  wavelength  division  multiplexing29.  □ 
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We  present  an  experimental  demonstration  of  fast  all-optical  switching  on  a  silicon  photonic  integrated  device 
by  employing  a  strong  light-confinement  structure  to  enhance  sensitivity  to  small  changes  in  the  refractive 
index.  By  use  of  a  control  light  pulse  with  energy  as  low  as  40  pJ,  the  optical  transmission  of  the  structure 
is  modulated  by  more  than  97%  with  a  time  response  of  450  ps.  ©  2004  Optical  Society  of  America 
OCIS  codes:  130.3120,  230.4110,  230.1150,  230.3120. 


Photonic  integrated  circuits  that  bend,  split,  couple, 
and  filter  light  have  recently  been  demonstrated 
in  silicon.1  However,  these  structures  are  usually 
passive,  which  means  that  their  optical  properties 
are  predetermined  by  the  structure  design  and  thus 
cannot  be  modified  once  fabricated.  All-optical 
switches  and  modulators  have  been  demonstrated 
by  employing  III— V  compound  materials  based  on 
photoexcited  free-carrier  concentrations  resulting 
from  one-  or  two-photon  absorption.2"4  In  silicon, 
all-optical  switching  has  been  demonstrated  only  by 
use  of  extremely  high  powers5"10  in  large  or  nonplanar 
structures  in  which  the  modulated  light  propagates 
out  of  plane.  Such  high  powers,  large  dimensions, 
and  nonplanar  structure  geometries  are  inappropriate 
for  effective  on-chip  integration.  The  difficulty  in 
modulating  light  with  silicon  structures  arises  from 
the  weak  dependence  of  silicon’s  refractive  index  and 
absorption  coefficient  on  the  free-carrier  concentra¬ 
tion.11 12  As  an  example,  for  a  300-/im-long,  1.55-^m 
Mach-Zehnder  modulator  based  on  rib  waveguides 
with  a  mode-field  diameter  of  approximately  5  /xm, 
a  minimum  optical  pump-pulse  energy  of  2  mJ  is 
needed  to  modify  the  refractive  index  by  An  =  -10“3 
to  achieve  100%  modulation.13  The  absorption  due 
to  free  carriers,  under  such  high  powers  is  also  small 
(16  dB/cm  for  a  450-nm-wide  and  250-nm-high  rect¬ 
angular  cross-sectional  waveguide),  which  requires  a 
straight  waveguide  as  long  as  600  fim  to  achieve  a 
modulation  depth  of  90%.6,14 

We  recently  proposed  the  use  of  high  optical  con¬ 
finement  in  resonant  structures  for  efficient  light 
modulation  to  overcome  the  aforementioned  limi¬ 
tations  of  silicon  photonic  structures15;  our  results 
indicate  that  a  refractive-index  change  as  small  as 
10" 3  can  induce  a  large  modulation  depth  of  80%  in  a 
compact  20-jum-long  structure.  Using  these  theoreti¬ 
cal  predictions,  here  we  present  experimental  results 
on  an  all-optical  gate  based  on  a  silicon  micrometer- 
size  planar  ring  resonator  that  operates  with  low 
pump-pulse  energies. 

A  ring  resonator  coupled  to  a  single  waveguide 
presents  optical  transmission  that  is  highly  sensitive 
to  the  signal  wavelength  and  is  greatly  reduced  at 
wavelengths  in  which  the  ring  circumference  corre¬ 
sponds  to  an  integer  number  of  guided  wavelengths. 
Figure  1  shows  a  silicon-on-insulator  ring  resonator 


with  a  5-/xm  radius,  patterned  by  electron-beam  lithog¬ 
raphy  and  subsequently  etched  by  plasma  reactive-ion 
etching16;  both  the  waveguide  and  the  ring  resonator 
are  channel  waveguides  with  450-nm-wide  by  250-nm- 
high  rectangular  cross  sections.  Figure  2(a)  shows 
the  quasi-TM  transmitted  spectral  response  of  the 
structure  in  Fig.  1.  The  quasi-TM  mode  is  character¬ 
ized  by  the  magnetic  field  oriented  predominantly 
along  the  plane  of  the  chip.  On  resonance  the  trans¬ 
mission  drops  by  more  than  10  dB  with  respect  to 
that  at  off  resonance.  The  losses  at  off-resonance 
wavelengths  are  3.5  dB,  which  include  the  fiber-to- 
waveguide  coupling  losses  and  the  propagation 
losses  in  the  7-mm-long  waveguide.  The  cavity 
quality  factor  is  Q  s  Ao/AAfwhm  ~  2290,  where 
Ao  =  1555.5  nm  is  the  resonance  wavelength  and 
AAfwhm  ~  0.68  nm  is  the  resonance  FWHM.  This 
quality  factor  corresponds  to  a  cavity  photon  lifetime 
of  Ao2/(27tcAAfwhm)  —  1.8  ps,17  where  c  is  the  speed 
of  light  in  vacuum.  Therefore,  despite  the  resonant 
nature  of  the  structure,  the  temporal  response  of  this 
ultrasmall  optical  gate  can  theoretically  be  as  short  as 
a  few  picoseconds. 

Tuning  the  effective  index  of  the  ring  waveguide 
modifies  the  resonance  wavelength,  which  induces  a 
strong  modulation  of  the  transmitted  signal.  Here  we 
use  femtosecond  pump  pulses  centered  at  a  wavelength 
of  Apump  =  400  nm  to  inject  free  carriers  into  the  ring 
resonator  and  thereby  tune  its  effective  refractive 


Fig.  1.  Scanning  electron  micrograph  showing  the 
top-view  of  a  5-^im-radius  ring  resonator  coupled  to  a 
waveguide. 
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Fig.  2.  Device  characterization,  (a)  Quasi-TM  spectral 
response  of  a  singly  coupled  ring  resonator  with  no  optical 
pump  incident  on  the  sample.  Both  probe  wavelengths 
used  in  this  work  for  characterizing  the  dynamic  response 
of  the  switch  are  indicated,  (b)  Schematic  of  the  pump- 
and-probe  setup,  showing  an  in-plane  cw  optical  probe 
( A  probe )  coupled  from  a  tapered-lensed  fiber  into  a  nanota¬ 
per  and  an  out-of-plane  femtosecond  optical  pump  (Apump). 

index.  At  this  wavelength,  the  strong  linear  absorp¬ 
tion  in  silicon  causes  90%  of  the  photons  transmitted 
into  the  top  silicon  layer  to  be  absorbed  within  a  thick¬ 
ness  of  only  250  nm.  After  the  pulse  is  absorbed, 
photoexcited  free-carrier  electron-hole  pairs  are  gen¬ 
erated  inside  the  ring  resonators  and  are  subjected  to 
recombination  dynamics  dictated  by  the  free-carrier 
lifetime. 

Figure  2(b)  shows  the  schematic  of  the  pump-and- 
probe  setup  used  for  characterizing  the  device,  in 
which  the  pump  laser  beam  incident  on  the  ring  from 
free  space  is  focused  by  a  lens  onto  a  spot  diameter 
of  14  ^um  centered  on  the  ring  resonator.  The  laser 
source  for  the  pump  is  a  mode-locked  TLsapphire  laser 
that  generates  100-fs  pulses  at  800  nm  with  5  nJ  of 
energy  at  a  80-MHz  repetition  rate.  A  /3-barium 
borate  crystal  is  used  to  generate  second-harmonic 
femtosecond  pulses  centered  at  Apump  =  400  nm.  The 
energy  of  the  pulse  incident  on  the  ring  resonator 
plane  is  less  than  40  pJ.  A  tunable  continuous- wave 
laser  provides  the  probe  signal,  which  is  coupled  into 
the  silicon  waveguide  by  an  external  tapered-lensed 
fiber  and  an  on-chip  fiber-to-waveguide  nanotaper 


coupler.16  -The  quasi-TM  transmitted  light  is  colli¬ 
mated  by  a  lens  (N.A.  =  0.55),  discriminated  by  a 
polarizer,  and  focused  into  a  multimode  fiber  through 
a  collimator.  The  probe  signal  is  detected  by  a 
high-speed  dc  5-GHz  photodetector  with  a  nominal 
fall-rise  time  of  70  ps.  A  20-GHz  digital  sampling 
oscilloscope  is  used  to  record  the  probe  signal.  The 
temporal  response  of  the  transmitted  probe  signals 
are  shown  in  Fig.  3  for  two  distinct  probe  wave¬ 
lengths:  Aprobe  —  1554.6  nm  (below  resonance)  and 
Aprobe  =  1555.5  nm  (on  resonance). 

These  probe  wavelengths  were  tuned  relative  to 
the  ring  resonance  to  maximize  the  modulation 
depth  when  the  transmission  without  the  pump  was 
high  and  low,  respectively.  The  modulation  depth 
is  defined  as  MD  —  (/max  —  /min)//max>  where  /max 
and  /m in  are  the  maximum  and  minimum  transmit¬ 
ted  probe  optical  power,  respectively.  We  measure 
MD  =  75%  for  Aprobe  1554.6  nm  and  MD  —  97% 
for  Aprobe  =  1555.5  nm.  The  measured  modulation 
depth  is  limited  by  only  the  photodetector  response 
time.  For  a  photodetector  with  a  response  time  of  less 
than  20  ps  we  expect  to  measure  modulation  depths  of 
nearly  100%  at  both  probe  wavelengths. 

By  assuming  an  instantaneous  spectral  shift  of  the 
spectrum  shown  in  Fig.  2(a),  followed  by  a  simple  ex¬ 
ponential  decay  representing  the  free-carrier  lifetime, 
we  obtain  from  the  experimental  date  a  wavelength 
peak  shift  of  A  A  =  —1.1  nm  and  a  relaxation  time 
of  Tfc  ==  450  ps.  The  measured  free-carrier  lifetime, 
much  shorter  than  that  in  bulk  silicon,  is  not  a  funda¬ 
mental  limit  on  the  speed;  it  is  due  primarily  to  fast 
recombination  mechanisms  on  the  unpassivated  side- 
walls  of  the  structures.  Manipulating  the  degree  of 
surface  passivation  or  using  ion  implantation18  could 
further  reduce  the  free-carrier  lifetime.  The  wave¬ 
length  peak  shift  of  the  ring  resonator  corresponds 
to  an  effective-index  change  of  Aneff  =  -1.45  X  10~3 
or  equivalently  to  a  refractive-index  change  in  the 
silicon  core  of  Ansi  =  -1.6  X  10-3.  This  refractive- 
index  change  is  caused  by  a  free-carrier  concentration 


Pump  on 


Fig.  3.  Temporal  response  of  the  probe  signal  to  the  pump 
excitation,  showing  transmission  for  probe  wavelengths 
below  resonance  (solid  curve)  and  on  resonance  (dotted 
curve). 
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of  IN  «  AP  =  4.8  x  1017  cm’3.  Considering  the 
physical  dimensions  of  the  ring  resonator,  we  estimate 
that  the  optical  pulse  energy  that  needs  to  be  absorbed 
by  the  ring  resonator  to  excite  such  a  free-carrier 
concentration  is  only  0.9  pJ. 

This  value  is  consistent  with  our  estimate  that  takes 
into  account  the  energy  of  the  pump  pulse  incident  on 
the  ring,  the  geometry  of  the  ring  resonator,  the  trans¬ 
verse  pump  beam  profile,  and  the  reflections  from  the 
focusing  lens  and  the  interfaces  in  the  structure.  The 
losses  due  to  the  probe  absorption,2  estimated  from 
the  free-carrier  concentration  are  A  a  =  6.9  cm-1,  sig¬ 
nificantly  lower  than  the  estimated  scattering  losses  in 
the  ring  resonator  of  arjng  =  33.6  cm- 1 .  The  relatively 
low  absorption  losses  indicate  that  the  observed  modu¬ 
lation  is  due  only  to  a  refractive-index  change  and 
that  thermal  effects  can  be  neglected.  Our  calcula¬ 
tions  predict  that  a  temperature  increase  of  only  2  K  is 
expected  for  a  2-GHz  modulation  rate;  this  has  a  neg¬ 
ligible  effect  on  the  all-optical  switch  performance  be¬ 
cause  the  typical  time  scale  of  the  thermo-optic  effect, 
on  the  order  of  a  few  microseconds,7  is  much  longer 
than  that  of  the  device,  on  the  order  of  450  ps.  The 
low  absorption  losses  are  of  foremost  importance  for 
the  application  of  the  proposed  device  as  an  all-optical 
gate,  allowing  nearly  100%  transmission  of  the  data 
signal  when  the  gate  is  open. 

The  device  described  here  is  achieved  by  use 
of  the  concept  of  strong  light  confinement  and  is 
approximately  7  orders  of  magnitude  faster  than 
available  silicon  optical  switches.19  We  expect  that 
a  variety  of  existing  fabrication  methods  may  be 
used  to  further  improve  the  speed  of  the  proposed 
device.  The  present  device  could  function  as  an 
all-optical  switch,  modulator  or  router,  in  applications 
relevant  to  optical  interconnects.  It  could  form  the 
basis  for  new  interconnect  architectures  including 
cabinet-to-cabinet,  board-to-board,  chip-to-chip,  and 
on-chip  architectures,  with  lower  power,  less  skew, 
and  less  jitter  relative  to  the  wiring  approach  of  the 
electrical  interconnects.20,21  In  addition,  the  device 
shown  here  could  form  the  basis  for  ultrahigh  inter¬ 
connection  bandwidth,  by  employing  architectures 
based  on  wavelength  division  multiplexing.21  For 
logic  applications  a  scheme  of  optical  pumping  using 
the  same  wavelength  as  the  propagating  signal  is 
necessary;  this  would  require  the  demonstration  of 
efficient  two-photon  optical  mechanisms  in  silicon.5 

The  authors  acknowledge  support  from  the  Cornell 
Center  for  Nanoscale  Systems,  through  the  National 
Science  Foundation  (NSF).  V.  R.  Almeida,  C.  A. 
Barrios,  R.  R.  Panepucci,  and  M.  Lipson  (lipson@ece. 
cornell.edu)  acknowledge  support  from  the  Air  Force 
Office  of  Scientific  Research,  the  Chip-scale  Wave¬ 
length  Division  Multiplexing  program  of  the  Defense 
Advanced  Research  Projects  Agency,  and  the  Science 
and  Technology  Centers  program  of  the  NSF.  V.  R. 
Almeida  acknowledges  sponsorship  support  provided 
by  the  Brazilian  Defense  Ministry.  M.  A.  Foster,  D.  G. 
Ouzounov,  and  A.  L.  Gaeta  acknowledge  support  from 
the  Army  Research  Office  and  the  Air  Force  Office  of 
Scientific  Research.  This  work  was  performed  in  part 


at  the  Cornell  NanoScale  Science  &  Technology  Facil¬ 
ity,  a  member  of  the  National  Nanotechnology  Infra¬ 
structure  Network,  which  is  supported  by  the  NSF,  its 
users,  Cornell  University,  and  industrial  affiliates. 

References 

1.  K.  Wada,  H.  C.  Luan,  D.  R.  C.  Lim,  and  L.  C.  Kimerling, 
Proc.  SPIE  4870,  437  (2002). 

2.  T.  A.  Ibrahim,  W.  Cao,  Y.  Kim,  J.  Li,  J.  Goldhar,  P.-T. 
Ho,  and  Chi  H.  Lee,  IEEE  Photon.  Technol.  Lett.  15, 
36  (2003). 

3.  V.  Van,  T.  A.  Ibrahim,  K.  Ritter,  P.  P.  Absil,  F.  G. 
Johnson,  R.  Grover,  J.  Goldhar,  and  P.-T.  Ho,  IEEE 
Photon.  Technol.  Lett.  14,  74  (2002). 

4.  T.  A.  Ibrahim,  W.  Cao,  Y.  Kim,  J.  Li,  J.  Goldhar,  P.  T. 
Ho,  and  Chi  H.  Lee,  J.  Lightwave  Technol.  21,  2997 
(2003). 

5.  S.  W.  Leonard,  H.  M.  van  Driel,  J.  Schilling,  and  R.  B. 
Wehrspohn,  in  Quantum  Electronics  and  Laser  Science 
(QELS)t  Vol.  57  of  OSA  Trends  in  Optics  and  Photonics 
Series  (Optical  Society  of  America,  Washington,  D.C., 
2001),  p.  159. 

6.  R.  Normandin,  D.  C.  Houghton,  and  M.  Simard- 
Normandin,  Can.  J.  Phys.  67,  412  (1989). 

7.  G.  Cocorullo,  F.  G.  Della  Corte,  R.  De  Rosa,  I.  Rendina, 
A.  Rubino,  and  E.  Terzini,  J.  Non-Cryst.  Solids 
266-269,  1247  (2000). 

8.  H.  K.  Tsang,  C.  S.  Wong,  T.  K.  Liang,  I.  E.  Day,  S.  W. 
Roberts,  A.  Harpin,  J.  Drake,  and  M.  Asghari,  Appl. 
Phys.  Lett.  80,  416  (2002). 

9.  F.  Z.  Henari,  K.  Morgenstern,  W.  J.  Blau,  V.  A. 
Karavanskii,  and  V.  S.  Dneprovskii,  Appl.  Phys.  Lett. 
67,  323  (1995). 

10.  R.  A.  Soref  and  J.  P.  Lorenzo,  in  Integrated  Guided 
Wave  Optics ,  Vol.  4  of  1989  OSA  Technical  Digest  Series 
(Optical  Society  of  America,  Washington,  D.C.,  1989), 

p.  86. 

11.  R.  A.  Soref  and  B.  R.  Bennett,  Proc.  SPIE  704,  32 

U987). 

12.  C.  H.  Lee,  Picosecond  Optoelectronic  Devices  (Academic, 
San  Diego,  Calif.,  1984),  Chap.  5. 

13.  C.  Z.  Zhao,  G.  Z.  Li,  E.  K  Liu,  Y.  Gao,  and  X.  D.  Liu, 
Appl.  Phys.  Lett.  67,  2448  (1995). 

14.  S.  Stepanov  and  S.  Ruschin,  Appl.  Phys.  Lett.  83,  5151 
(2003). 

15.  C.  A.  Barrios,  V.  R.  Almeida,  and  M.  Lipson,  J.  Light¬ 
wave  Technol.  21,  1089  (2003). 

16.  V.  R.  Almeida,  R.  R.  Panepucci,  and  M.  Lipson,  Opt. 
Lett.  28,  1302  (2003). 

17.  J.  T.  Verdeyen,  Laser  Electronics ,  3rd  ed.  (Prentice 
Hall,  Upper  Saddle  River,  N.J.,  2000). 

18.  A.  Chin,  K  Y.  Lee,  B.  C.  Lin,  and  S.  Horng,  Appl.  Phys. 
Lett.  69,  653  (1996). 

19.  F.  Pardo,  V.  A.  Aksyuk,  S.  Arney,  H.  Bair,  N.  R. 
Basavanhally,  D.  J.  Bishop,  G.  R.  Bogart,  C.  A.  Bolle, 
J.  E.  Bower,  D.  Carr,  H.  B.  Chan,  R.  A.  Cirelli,  E. 
Ferry,  R.  E.  Frahm,  A.  Gasparyan,  J.  V.  Gates,  C.  R. 
Giles,  L.  Gomez,  S.  Goyal,  D.  S.  Greywall,  M.  Haueis, 
R.  C.  Keller,  J.  Kim,  F.  P.  Klemens,  P.  R.  Kolodner,  A. 
Kornblit,  T.  Kroupenkine,  W.  Y.  Lai,  V.  Lifton,  J.  Liu, 
Y.  L.  Low,  W.  M.  Mansfield,  D.  Marom,  J.  F.  Miner, 
D.  T.  Neilson,  M.  A.  Paczkowski,  C.  S.  Pai,  A.  G. 
Ramirez,  D.  A.  Ramsey,  S.  Rogers,  R.  Ryf,  R.  E.  Scotti, 
H.  R.  Shea,  M.  E.  Simon,  H.  T.  Soh,  H.  Tang,  J.  A. 
Taylor,  K.  Teffeau,  J.  Vuillemin,  and  J.  Weld,  Proc. 
SPIE  5116,  435  (2003). 

20.  A.  V.  Mule,  E.  N.  Glytsis,  T.  K.  Gaylord,  and  J.  D. 


(ms  #54842afjre ) 


OPTICS  LETTERS  /  Vol.  29,  No.  24  /  December  15,  2004 

Meindl,  IEEE  Trans.  Very  Large  Scale  Integr.  (VLSI)  21.  D.  A.  B.  Miller,  IEEE  J.  Sel.  Top.  Quantum  Electron. 
Syst.  10,  582  (2002).  6,  1312  (2000). 


(ms  #54842afjre) 


